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Frontispiece. The impressive peak of Mt. Kaijende (3798 m), formed from Early 
Oligocene to Middle Miocene Darai Limestone, overshadows the Porgera Valley. 

iii 
TABLE OF CONTENTS 
ABS1'RACf ................................................................................... p.1 
INlR.ODUCITON ............................................................................ p.3 
1. GEOLOOICAL AND TECfONIC SETTING ................................... p.4 
1.1. Regional Geology .................................................................... p. 4 
1.2. I.ocal Geology ........................................................................ p.5 
2. GEOLOGY OF THE PORGERA GOLD DEPOSIT ............................. p. 7 
3. PETROLOOY AND GEOCHEMISTRY OF THE PORGERA 
INlR.USNE COMPLEX .......................................................... p.12 
3 .1. General Description ................................................................. p .12 
3 .2. Whole-Rock Geochemistry ........................................................ p.12 
3.2.1. Methodology ......................................................................... p.12 
3 .2.2. Alteration ............................. -.............................................. .. p.13 
3.2.3. TAS Classification .................................................................. p.13 
3.2.4. Fractionation ......................................................................... p.14 
3.2.5. Trace Elements ....................................................................... p.15 
3.3. Petrology ............................................................................. p.17 
3.4. Petrography .......................................................................... p.18 
3.4.1. Feldspar Porphyries ................................................................. p.20 
3.4.2. Xenoliths and Xenocrysts ........................................................ .. p.21 
3.4.3. Petrographic Evidence for Magmatic Volatiles ................................... p.21 
3. 4. 4. Alteration Minerals .................................................................. p .22 
3.5. Mineral Chemistry ................................................................... p.22 
3.5.1. Clinopyroxene ....................................................................... p.23 
3.5.2. Hornblende ........................................................................... p.24 
3.5.3. Biotite (s.l.) .......................................................................... p.26 
3.5.4. Feldspar .............................................................................. p.26 
3.5.5. Magnetite-Series Spinels ........................................................... p.27 
3.5.6. Apatite .................... ~ ........................................................... p.28 
3.6. Magmatic Oxidation State, Volatiles, Residual Melts ........................... p.28 
3.6.1. Oxidation State .................................................................... ... p.28 
3.6.2. Composition of the Magmatic Volatile Phase and Residual Melts ........ ..... p.29 
3.7. Nd, Sr and Pb Isotopic Composition of the Porgera Intrusive Complex ..... p.30 
3.7.1. Methodology ......................................................................... p.30 
3. 7 .2. Results ............................................................................... . p.32 
3.8. Summary ............................................................................. p.33 
4. K-Ar AND 40Arf39Ar GEOCHRONOLOGY OF1HE PORGERA 
INlR.USNE COMPLEX ............................................ : ............. p.35 
iv 
4.1. K-Ar Systematics .................................................................... p.35 
4.1.1. Sampling ................................................... .......................... p.35 
4.1.2. K-Ar Methodology .................................................................. p.35 
4.1. 3. K-Ar Results ........................................................................ . p.36 
4. 2. 40 Arf39 Ar Systematics .............................................................. p. 3 7 
4.2.1. 40Art39Ar Methodology ....................................................... ..... p.37 
4.2.2. 40Art39 Ar Results ................................................................... p.38 
4.2.3. Compositions ofTrapped and Radiogenic Argon .............................. . p.39 
4.2.4. Physical Location of Excess 40Ar in Hornblende ............................... p.40 
4.2.5. Petrographic and Mineralogical Indicators for Excess 40Ar ................... p.41 
4.3. Implications for K-Ar Dating ofEpizonal Intrusions ........................... p.42 
4.4. Summary ............................................................................. p.43 
5. PETROGENESIS OF THE PORGERA INTRUSIVE COMPLEX .......... p.45 
6. METALLOGENESIS OF THE PORGERA GOLD DEPOSIT ................ p.48 
6.1. K-Ar Age of Gold Mineralization ................................................. p.48 
6.2. Alteration Geochemistry ............................................................ p.51 
6.3. Nd, Sr and Pb Isotopic Tracing ................................................... p.54 
6.3.1. Methodology ........................................................................ . p.54 
6.3.2. Nd-Sr Isotope Systematics ..................................................... .... p.54 
6.3.3. Pb Isotope Systematics ............................................................ . p.56 
6.4. Noble Metal Abundances ........................................................... p.58 
6.4.1. Unaltered Intrusive Rocks .......................................................... p.59 
6.4.2. The Ore Deposit ..................................................................... p.60 
6.4.3. Sedimentary Rocks .................................................................. p.60 
6.5. Discussion ............................................................................ p.61 
CONCLUSIONS ............................................................................. p.65 
ACKN"OWLEDGE1\1ENTS ................................................................. p. 71 
REFERENCES ............................................................................... p. 73 
APPENDIX 1 ................................................................................. p.92 
APPENDIX 2 .................. ~ ............................................................ p.105 
APPENDIX 3 ............................................................................... p.109 
v 
LIST OF FIGURES 
NB: Page numbers given below refer to the pages immediately preceding the Figures. 
Frontispiece: Mt Kaijende ................................................................... p.ii 
1. Tectonic map of Papua New Guinea ............................................... p.3 
2. Geological map of mainland Papua New Guinea ................................. p. 3 
3. Aerial photograph of the Porgera Intrusive Complex and gold deposit ........ p.3 
4. Geology of the Porgera area ........................................................ p.6 
5. Map of the Porgera Intrusive Complex and gold deposit ........................ p.6 
6. Mineralized drillcore from the Porgera gold deposit ............................. p.8 
7. Photomicrographs of A-type mineralization ....................................... p.9 
8. Photomicrographs of D-type mineralization ....................................... p.9 
9. Photographs of igneous textures in drill core ..................................... p.12 
10. Nb vs. K20 in altered and unaltered rocks ....................................... p.13 
11. T AS classification ................................................................... p.14 
12. Zr/Ti02 vs. Nb/Y classification .................................................... p.14 
13. Whole-rock geochemical variation diagrams ..................................... p.14 
14. AFM diagram ........................................................................ p.15 
15. Primitive mantle-, and MORB-normalized element diagrams .................. p.16 
16. Chondrite-normalized rare-earth element diagram ............................... p.16 
17. Photomicrographs of igneous minerals from the Porgera Intrusive 
Complex .............................................................................. p.20 
18. Photomicrographs of vesicles, miarolitic cavities, and alteration minerals ... p.22 
19. Chemical variations in clinopyroxenes ............................................ p.23 
20. Biotite compositions ................................................................ p.27 
21. Magnetite-series spinel compositions ............................................. p.27 
22. Fe3+fFe2+ vs. MG in whole-rocks ................................................ p.28 
23. Graphical representation of the double-spike method ........................... p.31 
24. Pb isotopic analyses of NBS 981 ................................................. p.31 
25. Nd, Sr and Pb isotopic data for the Porgera Intrusive Complex ............... p.32 
26. Geochemical and isotopic comparisons between the Porgera Intrusive 
Complex and Plio-Pleistocene volcanics from the PNG highlands ........... p.33 
27. 40Aff39 Ar age spectra from the Porgera Intrusive Complex .................... p.38 
28. Ar isotope correlation diagrams .................................................... p.39 
29. Photomicrographs of hornblende textures ........................................ p.41 
30. Ti~ vs. FeO* in hornblendes ..................................................... p.41 
31. Cartoon plate tectonic reconstruction at 6 Ma .................................... p.47 
32. Volume factors in altered rocks .................................................... p.52 
33. Gain/Loss diagrams for altered rocks ............................................. p.53 
VI 
34. Chondrite-normalized rare-earth element patterns for altered and unaltered 
feldspar porphyry dykes ............................................................ p.53 
35. Nd and Sr isotopic relationships in the ore deposit .............................. p.55 
36. Histogram of Sr isotopic compositions in the ore deposit ...................... p.55 
37. Pb isotopic relationships in the ore deposit ....................................... p.57 
38. Variation of Pt, Pd concentrations with Au, Cr in unaltered igneous rocks p.59 
39. Mantle-normalized abundances of noble metals in unaltered igneous rocks p.59 
40. Variation of Au concentration with Pt, Pd, and Kin mineralized rocks ...... p.60 
41. Metallogenetic model for the Porgera gold deposit. ............................. p.63 
LIST OF TABLES 
NB: Page numbers given below refer to the pages immediately preceding the Tables. 
1. Mineralization styles ................................................................. p.8 
2. Clinopyroxene analyses ............................................................ p.23 
3. Hornblende analyses ................................................................ p.25 
4. Biotite/phlogopite analyses ......................................................... p.26 
5. Feldspar analyses .................................................................... p.26 
6. Chromite/magnetite analyses ....................................................... p.27 
7. Apatite analyses ...................................................................... p.28 
8. K-Ar data (hornblende, biotite) .................................................... p.36 
9. Ar isotope correlation regression lines ............................................ p.39 
10. K-Ar data (sericite, roscoelite) ..................................................... p.49 
11. Noble metal abundances in intrusive and sedimentary rocks from Porgera p.59 
A 1.1. Whole-rock XRF analyses ....................................................... p.104 
Al.2. Whole-rock INAA analyses ...................................................... p.104 
A 1. 3. CIPW normative compositions .................................................. p.1 04 
A2.1. Nd and Sr isotopic data ........................................................... p.108 
A2.2. Pb isotopic data .................................................................... p.108 
A3.1. 40Arf39 Ar step-heating data ...................................................... p.111 
1 
ABSTRACT 
The Porgera gold deposit, located in the highlands of Papua New Guinea (PNG), 
contains -410 tonnes Au and -890 tonnes Ag, distributed between a large lower-grade 
ore zone (78.6 million tonnes, 3.5 g/tonne Au, 9.9 g/tonne Ag), and a smaller high-
grade zone (5.0 million tonnes, 26.5 g/tonne Au, 22.1 g/tonne Ag). Lower-grade 
mineralization occurs as stockworks and disseminations of auriferous arsenical pyrite 
associated with strong sericite-carbonate alteration, which cross-cut and overprint a 
suite of epizonal mafic stocks and dykes of the Porgera Intrusive Complex (PIC) and 
their sedimentary host rocks (Jurassic-Cretaceous shelf sediments). Minor free gold 
also occurs in base metal-sulphide veins associated with these alteration zones. Later, 
high-grade mineralization (locally up to 3000 g/tonne Au) occurs in quartz-roscoelite 
veins associated with the Roamane Fault (an extensional structure which cross-cuts the 
intrusive complex and the earlier dissemiriated ore). Abundant visible gold occurs with 
Au-Ag-Hg-tellurides in these epithermal-style, vuggy, banded veins. 
Deposition of both types of ore is shown by K-Ar dating of sericite (illite) and 
roscoelite to have occurred within 1 Ma of the time of emplacement of the PIC at 6.0 ± 
0.3 Ma (2a; K-Ar dating of igneous biotite, and 40Aff39 Ar dating of hornblende). 
Geochemical, isotopic, and petrographic studies of the PIC indicate that the 
intrusions represent a comagmatic, volatile-rich alkali basalt/gabbro ~ hawaiite 
(trachybasalt) ~mugearite (b~tic trachyandesite) fractionation suite, derived from a 
larger fractionating magma chamber located deeper in the upper crust (aeromagnetic 
evidence). The intrusions are medium- to coarse-grained, and textures vary from 
porphyritic to ophitic. Mafic rocks contain olivine (pseudomorphs) and Cr-rich 
diopside phenocrysts, whereas hornblende (titanian magnesio-hastingsite), Ti-rich 
salite, and plagioclase phenocrysts occur in hawaiites and mugearites. Fluor-apatite and 
magnetite (Cr-rich in mafic rocks) occur as phenocrysts throughout the suite. High 
Fe3+JFe2+ ratios in whole-rock samples, pyroxenes and amphiboles, and the presence 
of primary chromite/magnetite microphenocrysts indicate that the magma crystallized 
under conditions of high fo2. 
Least-evolved samples are characterized by low BalLa (8 to 10), La/Nb (0.6 to 0.7) 
and Sr/Nd (-25) ratios, and LREE-enrichments ([La/Yblcn = 15 to 19), which are 
similar to those of intra-plate alkali basalts, and distinguish the PIC from other Late 
Tertiary K-rich alkaline and calc-alkaline volcanics and intrusions found on the PNG 
mainland. Isotopic compositions are relatively depleted (ENd= +6, 87Srf86Sr = 0.7035, 
206pbf204Pb = 18.64, 207pbf20dPb = 15.55, 208pbf204Pb = 38.45), and evidence is 
found for only limited amounts of crustal contamination. These data suggest derivation 
of the Porgera magmas by partial melting of a garnet-lherzolite source in the upper 
mantle. The incompatible element-, volatile-rich nature of the magma suggests that the 
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mantle source region had undergone metasomatic-enrichment prior to melting ( < 0.5 
Ga), and the timing of magmatism suggests that both metasomatism and melting may 
have been related to the elimination of an oceanic microplate segment by double-
subduction beneath the Australasian (PNG) and Pacific (Bismarck Sea) plates. A 
model is proposed which involves metasomatism in the back-arc asthenosphere by 
fluids or melts derived from the subducted slab at depths below -150 km. 
Isotopic tracing studies in the ore deposit indicate that hydrothermal Pb and Sr were 
derived from a mixture of igneous and sedimentary sources, located within the Jurassic 
Om Formation (carbonaceous, pyritic siltstones). These fluids carried K, Rb, Mn, S, 
C02 and other components including Au and Ag into depositional zones in the 
overlying Cretaceous Chim Formation. Mass balance calculations indicate a significant 
magmatic involvement in the source of hydrothermal Pb, but show that Sr was largely 
derived by leaching of the sedimentary sequence. Analyses of precious metal 
abundances in unaltered intrusive rocks-and sediments show that neither rock-type 
represents a significantly gold-enriched protore, but evidence for the evolution of a 
volatile phase during crystallization of the magma suggests that Au and other elements 
may have been partitioned into a magmatic fluid. It is suggested that mixing between 
this fluid and warm, reduced, sulphide-rich groundwaters circulating in the Om 
Formation sediments resulted in rapid deposition of base metals, but gold was retained 
in solution as a bisulphide complex until precipitation at higher levels in the Chim 
Formation. Gold deposition was controlled by a combination of cooling, wallrock 
reaction, fluid mixing, and/or boiling, which resulted in destabilization of bisulphide 
complexes. 
A late influx of fresh magma into the parental magma chamber, probably triggered 
by tectonic activity, resulted in the emplacement of a suite of feldspar porphyry dykes, 
and the release of a fmal pulse of hydrothermal fluid. These fluids ascended along late 
faults and subsidiary structures, and rich deposits of gold were formed where they 
boiled or mixed with cool, descending groundwaters. 
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INTRODUCTION 
The Porgera gold deposit, located in the highlands of Papua New Guinea (5°28'S 
143°05'E; Figs. 1 and 2) contains approximately 410 tonnes Au and 890 tonnes Ag, at 
grades locally reaching 3000 g/tonne Au, making it one of the richest gold mines in the 
world outside South Africa. Gold mineralization is mesothermal to epithermal in 
character, and is broadly associated with a suite of small (one to a few hundred metres 
wide) shallow-level, mafic alkaline stocks and dykes, comprising the Porgera Intrusive 
Complex (PIC; Fig. 3). The spatial coincidence of the ore deposit and intrusive 
complex suggests a genetic link between magmatism and mineralization, but in detail 
the relationship is not so clear. Unlike porphyry-type deposits, alteration and 
mineralization do not occur as obvious aureoles around any of the exposed stocks, but 
are instead controlled by structural features such as faults, breccia zones, and intrusive 
contacts. In addition, ore deposition appears to post-date the emplacement of the 
shallow-level stocks, because no intrusions are found to crosscut mineralized zones. 
The only possible exceptions are a suite of late feldspar porphyry dykes which are 
commonly found within and parallel to the mineralized zones; however, these dykes are 
typically strongly altered, so they could perhaps be syn-, but not post-mineralization. 
From both an academic and economic point of view, it is important to understand 
the relationship between magmatism and mineralization at Porgera. If the spatial 
association between the PIC and the gold deposit is merely fortuitous, then targetting 
similar intrusive bodies for further mineral exploration is likely to be unproductive. But 
on the other hand, this would be an effective strategy if gold mineralization at Porgera 
was found to be directly and specifically related to this type of magmatism. 
In order to address this question, therefore, a multi-facetted approach, combining 
petrography, geochemistry, geochronology, and radiogenic isotope studies, has been 
employed. The results of each stage of the investigation are presented in separate 
sections, which roughly correspond to the contents of four papers in preparation for 
publication or already published, and an abstract (Richards, 1990; Richards and 
McDougall, 1989, 1990; Richards et al., 1990a,b). The time scale of Harland et al. 
(1982) has been used throughout for reference. 
Fieldwork was carried out during two visits to the mine site, in August-September 
1987, and May 1989, during which time over 600 kg of drillcore and hand samples 
were collected from the orebody and the intrusive complex. Sampling was designed to 
cover all lithologies in the area, including sedimentary country rocks, and all types and 
degrees of alteration and veining associated with gold mineralization. Over 140 regular 
and 115 polished thin sections were made, and 90 whole-rock samples were crushed 
and prepared for geochemical analysis. Mineral separations were carried out on 30 
samples for K-Ar geochronological studies. 
10° N ~j •o Coral Sea 
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Fig. 1. Tectonic map of Papua New Guinea (after Cooper and Taylor, 1987). 
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Fig. 2. Major tectonic provinces and igneous intrusions in Papua New Guinea. 
Modified after Page (1976). 
Fig. 3 (next page). Aerial photograph of the Porgera Intrusive Complex from the 
south. Intrusive bodies form resistant peaks, and the Waruwari orebody occurs within 
the main peak at the western end of the range. The Roamane Fault runs along the front 
of the range, before passing up behind Waruwari, through a cleft marked by white 
landslips. The exploration adit portal workings can be seen at the base of the eastern 
end of the range; the adit runs parallel to and in the footwall of the Roamane Fault. 
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1. GEOLOGICAL AND TECTONIC SETTING 
1.1. Regional Geology 
Porgera is located in a Late Tertiary mountain belt, formed on the northeastern 
continental margin of Australasia (Figs. 1 and 2). This margin has been active since the 
Middle Teniary, but was initially formed by Early Mesozoic rifting of eastern 
Gondwana (Pigram and Panggabean, 1984; Pignim and Davies, 1987). 
Thick sequences of miogeoclinal sediments accumulated on the rifted margin during 
the Jurassic, Cretaceous and early Tertiary, consisting of mudstones, siltstones and 
well-sorted sandstones (Dow, 1977; Davies, 1990). Sedimentation ceased in the 
Middle Oligocene when the craton margin approached a southward-facing subduction 
zone on the Pacific plate (Jaques and Robinson, 1977; Pigram and Davies, 1987). 
Collision with the island arc system occurred in the Middle to Late Oligocene, resulting 
in juxtaposition of the Sepik terrane (consisting of an assemblage of arc-related 
volcanic, intrusive, ultramafic and sedimentary rocks) with the continental margin along 
an early expression of the Stolle-Lagaip Fault Zone (Jaques and Robinson, 1977; 
Pigram and Davies, 1987; Rogerson et al., 1987; Hilyard et al., 1988; Davies, 1990). 
Sedimentation resumed on the continental margin in the Late Oligocene/Early 
Miocene with deposition of limestones and calcareous mudstones, and continued 
erratically until the Late Miocene (Dow, 1977; Davies, 1990). To the north of the 
Lagaip Fault Zone, however, extensive Middle Miocene calc-alkaline volcanism and 
plutonism occurred in the accreted terranes (the Maramuni Volcanic Arc of Dow, 1977; 
Page, 1976; Fig. 1). This activity may have been caused by arc reversal following 
Oligocene collision, and the onset of southward-directed subduction of the Solomon 
Sea plate beneath the accreted margin (Ripper and McCue, 1983). Arc magmatism is 
reflected to the south of the Lagaip Fault Zone by the presence of volcanic detritus in the 
Miocene sediments (Davies, 1983; Hill and Gleadow, 1989). 
At the end of the Miocene, sedimentation abruptly ceased on the continental margin, 
and rapid uplift ensued in the Early Pliocene to form the PNG highlands (Hill and 
Gleadow, 1989). Uplift was followed by progressive development of southwestward-
directed foreland thrusting and folding in the Papuan Fold Belt which continues to the 
present day (Figs. 1 and 2; Jenkins, 1974; Dow, 1977; Davies, 1983; Hobson, 1986; 
Rogerson et al., 1987; Hill and Gleadow, 1989). Analyses of recent earthquakes 
indicate compression within the fold belt, accompanied by both thin-skinned and 
basement-involved thrusting to depths of 45 km (Ripper and McCue, 1983; Cooper and 
Taylor, 1987; Abers and McCaffrey, 1988). This deformation appears to have been 
initiated at the end of the Miocene when a segment of the Solomon Sea plate lying 
between the Australasian and Bismarck Sea plates was eliminated by subduction to both 
the southwest and northeast (double-subduction; Ripper and McCue, 1983; Cooper and 
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Taylor, 1987). Collision between the two facing arcs along the Ramu-Markham Fault 
Zone was followed by extensive deformation of the accreted terranes in the Central 
Orogenic Belt, with crustal (and presumably lithospheric) shortening which propagated 
southwestwards onto the craton margin to form the Papuan Fold Belt (Figs. 1 and 2; 
Jaques and Robinson, 1977; Ripper and McCue, 1983; Cooper and Taylor, 1987; 
Pigram and Davies, 1987; Abers and McCaffrey, 1988). Following the main stage of 
Early Pliocene uplift and foreland thrusting, voluminous calc-alkaline to K-rich alkaline 
volcanism and plutonism occurred in the fold belt during the Late Pliocene and 
Quaternary (Fig. 2). This activity may have been triggered by lithospheric thickening, 
reflected in the uplift of the orogen (Mackenzie, 1976; Johnson et al., 1978a; Hamilton 
et al., 1983). 
At the present day, east-northeast convergence at -120 mm/a between the 
Australasian and Pacific plates continues to be accommodated in part (5 to 20%; Abers 
and McCaffrey, 1988) by lithospheric shortening and thickening on the PNG mainland, 
but a significant proportion of the convergence remains unaccounted for. 
1.2. Local Geology 
The PIC intrudes a thick (5 to 8 km) sequence of Jurassic (Om Formation) and 
Cretaceous (Chim Formation) continental shelf sediments, which consist of poorly 
consolidated carbonaceous, pyritic siltstones, and carbonaceous mudstones and 
calcareous siltstones respectively (Fig. 4; Davies, 1983). These formations are 
unconformably overlain by Eocene micritic limestones of the Mendi Group, and Oligo-
Miocene bioclastic algal limestones of the Nipa Group, each about 1 km-thick. The 
sediments have experienced thrusting and folding associated with the Late Tertiary 
collision events, but are unmetamorphosed. Folds are typically large-amplitude (1 to 10 
km), and dips range from -20° to 70° in their cores; they are associated with sets of 
northwest-striking thrust faults, which dip steeply at the surface, and probably extend 
into the basement (Davies, 1983; Abers and McCaffrey, 1988). Detachment faulting 
may also occur within the Cretaceous mudstones and siltstones near the base of the 
Tertiary limestone sequences (e:g., Jenkins, 1974; Abers and McCaffrey, 1988). 
Intense folding and faulting of the sediments has occurred in the immediate vicinity 
of the PIC, probably reflecting intrusion of the complex. The stocks and dykes 
themselves are undeformed, except where they are crosscut by an east-northeast-
striking structure, the Roamane Fault Zone (Fig. 5). This fault is extensional in 
character (Handley and Bradshaw, 1986), and is associated with strongly mineralized 
vuggy veining and hydraulic brecciation (see below). 
New K-Ar and 40Arf39Ar ages presented here for the PIC and the gold deposit, 
suggest that intrusion and mineralization occurred within a short time interval in the 
latest Miocene, immediately prior to development of the Early Pliocene fold-and-thrust 
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belt. The complex and orebody have therefore undergone considerable vertical 
displacement. but appear to be essentially autochthonous, despite the possibility of 
detachment faulting at higher stratigraphic levels. In suppon of this interpretation, the 
existence of a large (5 kin-diameter) aeromagnetic anomaly centred on the PIC (Fig. 5; 
Henry, 1988) suggests the complex is directly underlain by a larger parental intrusion, 
emplaced at a deeper level in the crust. Stratigraphic considerations and the poorly 
consolidated and unmetamorphosed nature of the sedimentary country rocks, suggest 
that the exposed stocks and dykes at Porgera were emplaced at shallow levels, probably 
within 2 km of the surface (Davies, 1983; Fleming et al., 1986). These bodies thus 
represent small cupolas above the parental intrusion. 
There is no evidence that the Porgera magmas broke surface, but it is speculated that 
the small intrusive bodies and associated gold mineralization at Mt Kare, located 15 km 
southwest of Porgera in Tertiary limestone/sandstone sequences, may represent the 
vertical extension of the PIC which has been displaced horizontally along a shallow-
dipping decollement in the uppermost Cretaceous siltstone sequences (cf. Jenkins, 
1974). 
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Modified from Henry (1988). 
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2. GEOLOGY OF THE PORGERA GOLD DEPOSIT 
Alluvial gold was first found in the Porgera area in 1938 and low grade primary ore 
was located at Waruwari in 1945 (Fig. 5). Extensive drilling of this deposit between 
1964 and 1981 by various companies and partnerships delineated near-surface reserves 
of 45 million tonnes at 3.33 g/tonne Au, but due to metallurgical problems the prospect 
was sub-economic. Renewed effort was made to find high-grade mineralization which 
could offset the capital costs of open pit development and metallurgical plant 
installation. These efforts were rewarded in 1984, when bonanza-style mineralization 
was discovered in the Roamane Fault Zone, and the deposit became economically viable 
(Handley, 1987). A Special Mining Lease was granted to the Porgera Joint Venture 
Partners by the Independent State of Papua New Guinea on 12th May 1989, and plant 
site construction and underground development began immediately. 
Measured and indicated resources total approximately 410 tonnes Au and 890 
tonnes Ag, distributed between a large (78.6 million tonnes) lower-grade zone at 
Waruwari (3.5 g/tonne Au, 9.9 g/tonne Ag; 1.5 g/tonne Au cutoff), and a smaller (5.0 
million tonnes) high-grade zone associated with the Roamane Fault (26.5 g/tonne Au, 
22.1 g/tonne Ag; 7.0 g/tonne Au cutoff. Data from Placer Pacific Annual Report, 
1988). 
Gold occurs in pyritic disseminations and veins which overprint and cross-cut 
stocks and dykes of the PIC (Fig. 3). The location of ore is controlled by structural 
features such as intrusive contacts, breccias and faults, and both igneous and 
sedimentary rocks are mineralized. Alteration and mineralization are not centered on 
any specific exposed stocks, and much of the intrusive complex is barren (Fig. 3), 
suggesting that the source of gold lies below the current exposure level. However, a 
suite of late feldspar porphyry dykes are often found parallel to or within ore zones, 
and this association may indicate a link between late magmatic processes at depth and 
mineralization, but little more can be said from field evidence alone. 
Handley and Bradshaw (1986) described the Porgera gold deposit in terms of "an 
atypical, telescoped, mesothermal to epithermal" system, in recognition of several 
overlapping stages of mineralization which progress from early, relatively low grade 
disseminations of refractory gold in pyrite, through minor free gold in base metal-
sulphide veins, to late, very high grade Au0 -, Au-Ag-telluride-bearing veins. 
Descriptions of the different styles of mineralization are given by O'Dea (1980), 
Fleming et al. (1986), Handley and Bradshaw (1986), Handley (1987), Henry (1988). 
The following summary is supplemented by the author's own field observations and 
petrographic study of over 100 ore samples. 
Fleming et al. (1986) and Handley and Bradshaw (1986) defined five different 
types (A-E) of mineralization based on mode of occurrence (veins, disseminations etc.) 
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and also on more subtle geochemical differences such as Au/ Ag ratios, sulphur content, 
and base metal abundances (Table 1). In simple terms, types A, B and E are 
gradational, types A and E representing Au0 -bearing base metal-sulphide veins, and 
type B representing pervasively altered (sericite, carbonate, quartz, K-feldspar) and 
pyritized (auriferous) wallrocks and stockworks (Fig. 6). Type E veins are 
distinguished from type A by their lower Au/Ag and Au/S ratios, and the consequent 
abundance of silver minerals such as proustite-pyrargyrite and freibergite. 
Mineralization types A, B and E appear to post-date type C crackle breccias and 
disseminations, which are of restricted occurrence and host very refractory gold, 
apparently occurring as sub-microscopic inclusions or in solid solution in fme-grained 
arsenical pyrite. The location of ore is controlled by structural features such as faults, 
breccias and intrusive contacts, but there is no obvious relationship to specific exposed 
intrusive bodies. Although galena and sphalerite are locally abundant in the A- and E-
type veins, base metal mineralization is sub-economic, and copper is noticeably 
deficient. 
The paragenetic sequence is thus types C ~ B + NE, and finally type D. This last 
mineralization stage was also the last to be fully recognized (e.g., Henry, 1988), and is 
characterized by the occurrence of macroscopic free gold, Au-Ag-tellurides, and the 
vanadium mica roscoelite (K2[Al,V]4Si6Al202o[OH,F]4) which was incorrectly 
identified as chlorite in earlier papers. These veins can be seen to crosscut all of the 
earlier styles of mineralization (Fig. 6d) but it has not been possible to resolve any age 
differences by the K-Ar method (see Section 6.1). 
Type A veins are characterized by an initial lining of comb quartz, intergrown with 
minor dolomite, sericite and pyrite, which is followed by a main stage of coarse-
grained anhedral arsenical pyrite. Minor sphalerite and galena are intergrown with the 
arsenical pyrite, but base metal-sulphides are more typically found as interstitial phases 
filling space in the pyritic fabric, or along cross-cutting micro-fractures; this stage of 
mineralization is particularly well developed in veins which have undergone disruption 
and re-opening. Minerals observed in this later base metal association include, in 
decreasing order of abundance: sphalerite, galena, arsenopyrite, fine-grain.ed pyrite, 
marcasite, proustite-pyrargyrite, tetrahedrite, freibergite, gold and electrum, and are 
accompanied by fine-grained anhedral quartz and minor dolomite (Fig. 7). 
Chalcopyrite also occurs as microscopic replacement blebs in sphalerite (chalcopyrite-
disease), and rarely as a discrete phase with other base metal-sulphides (Fig. 7a). All 
of these later minerals occur in the same interstitial space-filling, or fracture-controlled 
settings, although they do not necessarily occur together; however, pyrargyrite-
freibergite-arsenopyrite± gold intergrowths are common. 
Following base± precious metal deposition, growth-banded comb quartz and 
rosettes of dolomite were precipitated in the veins (Fig. 7 g). Locally; a stage of fme-
Table 1. Mineralization types at Porgera, modified after Handley and Bradshaw (1986). 
Type Abundance Form Principal Minerals Accessory Minerals Gangue Minerals Median Grades Au:S Average cyanide 
g/tonne Au, Ag g/t:% soluble Au, % 
A Very widespread Veins, veinlets, Auriferous pyrite, Chalcopyrite, marcasite, Calcite/dolomite, 3.0, 12.0 1:3 40 
breccia matrix sphalerite, galena. pyrargyrite, tetrahedrite, quartz, sericite, 
arsenopyrite freibergite, gold, late anhydrite 
electrum 
B Widespreal Disseminations, Coarse euhedral Sphalerite, galena Calcite/dolomite, 2.5, 5.0 1:2 30 
veinlets, stockworks auriferous pyrite quartz 
c Restricted Fine disseminations Fine anhedral Pyrite, marcasite Apatite 6.0, 4.0 4:1 10 
occurrence in 'crackle-breccia' auriferous 
arsenical pyrite 
D LocalizOO Veinlets & breccia Pyrite, gold, Marcasite, chalcopyrite, Roscoelite, quartz, 10.0*, 10.0 10:1 70 
occurrence matrix; usually vuggy electrum tetrahedrite, hematite, calcite/dolomite, 
Au-Ag-tellurides late anhydrite 
E Highly Veins, veinlets, & Proustite/pyrargyrite, Pyrite, sphalerite, Calcite/dolomite, 1.0, 30.0 1:10 40 
localized breccia matrix freibergite galena, tetrahedrite quartz 
* Current estimates of average grade, following discovery of the high-grade ore zone, are 
much higher than shown here; probably around 27 g/tonne Au. 
Fig. 6. Mineralized drillcore from the Porgera gold deposit. Drillhole numbers are 
followed by Porgera grid reference, dip and direction of the hole, and sample depth. 
See Figure 5 for locations of intrusive bodies. 
(a) Sericitization in the Roamane intrusion, with intensity of alteration increasing 
towards two A-type veins in the top length of drillcore. DDH-P312, 45933N 
.71741E, 48/161, -180m. 
(b) Thick A-type vein with -1 m wide sericite-carbonate alteration halo in HD3 
intrusion (1-2 ppm Au). DDH-U167, 45534N 71384E, -5/250, -150m. 
(c) Smaller A-type vein with narrow alteration selvage in HD3 intrusion (0.3 ppm 
Au). DDH-U167, 45534N 71384E, -5/250, 51m. 
(d) Small D-type vein with weak marginal roscoelitic alteration, cutting and 
overprinting earlier sericitic alteration (associated with A- and B-type 
mineralization) in HD3 intrusion (1.2 ppm Au). DDH-U167, 45534N 71384E, 
-5/250, 35m. 
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grained quartz and dolomite, with disseminated euhedra of arsenopyrite, sphalerite, 
pyrite and tetrahedrite, follows the last stage of coarse dolomite deposition; final vuggy 
space is typically filled by gypsum or anhydrite. The ore/dolomite-quartz sequence in 
these A-type veins may be repeated several times, forming a distinctive banded 
appearance, and suggests oscillating physicochemical conditions in the hydrothermal 
fluid; colour-banding in sphalerite also indicates fluctuating conditions on a smaller 
scale during periods of ore deposition (Fig. 7e). Mineralization probably occurred at 
moderate temperatures (200 to 350°C) as suggested by observations of liquid/vapour 
ratios of fluid inclusions in sphalerite (Fig. 7f) and studies of the crystallinity of 
secondary phyllosilicates in wallrock alteration (see Section 3.4.4 ). Detailed fluid 
inclusion studies are planned to furtheflconstrain, the temperatures and conditions of ore 
formation. 
In the second (high-grade) association, micro- to macroscopically visible gold, 
electrum, and Au-Ag-(Hg)-tellurides, are associated with pyrite, tetrahedrite, locally 
abundant chalcopyrite, roscoelite, and fine-grained quartz, to form millimetre-scale 
layers within comb quartz veins and breccia cements (Fig. 8). Baryte also occurs 
locally with roscoelite and quartz as tabular crystals which radiate out from the 
mineralized bands, and gypsum or anhydrite may fill fmal vuggy cavities. Tellurides 
and gold are paragenetically late in these veins, and are often found in cracks within 
earlier bands of pyrite, or filling interstitial cavities (Fig. 8e,f). The associations 
petzite-calaverite/krennerite, and hessite-petzite are common, but free gold generally 
occurs alone (locally as dendritic grains), or with tetrahedrite or minor hessite/petzite in 
pyrite (Fig. 8c,d). Calaverite (AuTe2) in these samples typically contains between 2 
and 3 wt.% Ag, but grains with higher Ag-content (up to -5 wt.%) are probably 
krennerite ([Au,Ag]Te2); however, these phases are optically almost indistinguishable 
(cf. Cabri, 1965). An unidentified, brownish-grey Au-Hg-telluride with approximate 
composition Au3Hg2Tes has been observed with calaverite and petzite in one sample 
(Fig. 8e). 
The D-veins and breccias show many features characteristic of hydraulic fracturing 
(branches, splays, matrix-supported clasts, etc.) and suggest that fluid pressure 
fluctuations, perhaps related to tectonic activity along the Roamane Fault, were 
responsible for both the formation of the veins, and deposition of gold by promotion of 
fluid mixing or boiling. The barren comb quartz was probably deposited slowly at low 
temperatures (< 150°C) from warm groundwaters, as suggested by the presence of 
irregular, liquid-rich primary fluid inclusions in growth zones (Fig. 8h; cf. Bodnar et 
al., 1985). No fluid inclusions are preserved in the mineralized layers, but the fme-
grained nature of the silica gangue suggests rapid deposition from supersaturated 
solutions, perhaps during the influx of higher temperature fluids (cf. Barton et al., 
1977; Fournier, 1985). If this interpretation is correct, it may indicate that the 
Fig. 7. A-type mineralization. Photomicrographs (a-d) taken in reflected light, (e-h) 
in transmitted light. Scale bars= 200 J.1l11 except where stated below. Abbreviations: 
Ant = anatase, As = arsenopyrite, Au = gold, Cp = chalcopyrite, Dol = dolomite, Frei = 
freibergite, gal = galena, Py = pyrite, Pyr = pyrargyrite, Qz = quartz, Ser = sericite, 
Sphal = sphalerite. 
(a) Chalcopyrite, arsenopyrite, and galena interstitial to pyrite. Sample P21. 
(b) Au0 intergrown with galena, sphalerite and quartz, with late arsenopyrite. Sample 
P38. 
(c) Galena, freibergite, pyrargyrite intergrowths with pyrite. Sample P38. 
(d) Au0 filling fracture in early coarse-grained pyrite. Sample P34. 
(e) Growth-banded sphalerite, surrounded by dolomite-quartz. Sample P42. 
(f) Fluid inclusions in sphalerite; scale bar = 20 J.llil. Sample P73. 
(g) Centre of symmetrically banded A-vein, with wispy dolomite followed by 
chalcedonic quartz, and fmal cavity-filling anhedral quartz; scale bar = 0.5 mm. 
Sample P42. 
(h) Euhedral brown anatase grains in pervasively sericitized wallrock to A-vein; scale 
bar = 50 JJ.m. Sample PS 10. 
. ~ . .. 
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~ ....... 
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Fig. 8. D-type mineralization. Photomicrographs (c-f) taken in reflected light, (g-h) 
in transmitted light. Scale bars = 200 J.Lm except in (h) where 20 J.Lm. Abbreviations: 
Au = gold, Cp = chalcopyrite, Cv = calaverite, Py = pyrite, Pz = petzite, Qz = quartz, 
Rose = roscoelite, X = unidentified tellwide. 
(a) Au0 intergrown with roscoelite-quartz matrix to breccia-vein in sericitized sediment 
Roscoelitic alteration overprints earlier sericite. DDH-U098, 47.75m. 
(b) Clast-supported breccia-vein in sericitized sediment, cemented by quartz-roscoelite-
(Au0), with late cavities filled by gypsum. DDH-U096, 40.5m. 
(c) Au0 inclusions in pyrite and intergrown with quartz-roscoelite in banded D-vein. 
Minorpetzite also occurs as inclusions in pyrite. Sample P39. 
(d) Au0 intergrown with pyrite, tetrahedrite and minor chalcopyrite, as clots in quartz-
roscoelite matrix to breccia-vein. Sample P4. 
(e) Calaverite and petzite intergrown with or replacing pyrite, which forms rims to 
altered wallrock clasts in breccia-vein. An unidentified telluride (X) with 
approximate composition Au3Hg2Tes also occurs in this association. Sample P62. 
(f) Petzite rimming pyrite and fJ.lling vuggy cavities in late quartz vein-filling. Sample 
P62. 
(g) Roscoelite-quartz-pyrite-Au0 band in vuggy quartz-rich D-vein; cross-polarized 
light. Sample P39. 
(h) Irregular, low-temperature fluid inclusions in growth-zone in barren vuggy quartz, 
which overgrows earlier fme-grained quartz-roscoelite-pyrite-Au0 bands (see [g]). 
Sample P39. 
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metalliferous fluids in these late D-veins were derived from deeper levels tapped by the 
Roamane Fault. Rapid ascent of the ore-fluid along this fault and associated structures 
resulted in boiling and/or mixing with shallow-level, cooler groundwaters, with 
consequent deposition of gold and other minerals. 
It may be deduced from the overall paragenesis of the ore deposit that the earlier 
type A, B, C, and E fluids were sulphide-rich, neutral to weakly acidic, and relatively 
reduced (primary iron oxides are pyritized, silicates are sericitized), whereas the later 
base metal-poor D-type veins were dominated by more dilute, neutral, and oxidized 
groundwaters (wallrock-alteration is restricted, native metals are abundant, and hematite 
has been noted in some samples). However, ore in these late veins appears to have 
been deposited from intermittent pulses of hotter fluids which displaced or mixed with 
the resident groundwaters, but little is known yet about their chemistry. Gold was 
probably transported as bisulphide complexes in both types of ore-fluid (e.g., Henley, 
1973; Seward, 1973, 1984), although some degree of chloride complexing may have 
occurred in the earlier (relatively) base metal-rich fluids, and telluride complexes may 
have been important in the D-type fluids. Ore deposition resulted from destabilization 
of these complexes, probably through a combination of cooling and neutralization by 
wallrock interaction (disseminated ores), and dilution by fluid mixing, or fluid 
desulphidation by boiling (vein ores; e.g., Barton et al., 1977; Kamilli and Ohmoto, 
1977; Robinson and Norman, 1984; Drummond and Ohmoto, 1985; Seward, 1989; 
Krupp and Seward, 1990). 
Thus the picture is of an evolving hydrothermal system, which was characterized 
initially by high water/rock ratios, and later by more focussed flow of smaller volumes 
of fluid along structurally controlled, epithermal-type veins. The superimposition of 
these different styles of mineralization may reflect contemporaneous tectonic uplift and 
unroofmg during ore formation, combined with waning of the hydrothermal system ( cf. 
Titley et al., 1978; Chivas et al., 1984). The earlier sulphide-rich fluids differ from the 
chloride-rich fluids typically associated with porphyry-type deposits (e.g., Roedder, 
1971; Chivas and Wilkins, 1977; Eastoe, 1978; Ahmad and Rose, 1980; Reynolds and 
Beane, 1985), and Porgera is relatively deficient in base metals, particularly copper. 
However, this anomaly may be due to a zonation in the orebody, and it is conceivable 
that base metal-rich zones occur at depth. The late-stage D-type veins, on the other 
hand, appear to have been largely dominated by barren groundwaters, and 
mineralization is associated only with transient influxes of Au-Ag-Te-V -bearing fluids. 
The presence of Te suggests that these fluids may have been derived from late-stage 
magmatic processes, following an earlier stage of pervasive, high-fs2 hydrothermal 
activity (cf. Afifi et al., 1988). This progression from high-fs2 to high-fTe2 conditions 
is reflected in the vein paragenesis (pyrite deposition followed by tellurides), and is 
1 1 
locally followed by a stage of native gold±sulfides deposition (low-fTeV. suggesting 
that the release of Te to the hydrothermal fluids was a relatively short-lived event 
The Au-Ag-telluride-roscoelite association of this later, high-grade mineralization 
has been noted in several epithermal deposits related to alkalic igneous intrusions (e.g., 
Bonham, 1984, 1986; Mutschler et al., 1984; Sillitoe, 1988, 1989). Classic examples 
are the Emperor deposit at Vatukoula, Fiji, which is associated with a mafic shoshonitic 
shield volcano (Anderson et al., 1987; Ahmad et al., 1987a,b), and the phonolitic 
Cripple Creek diatreme in Colorado (Loughlin and Koschmann, 1935; Gott et al., 
1969; Sillitoe and Bonham, 1984; Bonham, 1986). Bonham (1986) and Mutschler et 
al. (1984) describe many characteristics of these "alkalic" deposits which are also 
observed at Porgera, including: district-wide propylitic alteration; mineralization in 
veins, stockworks and hydrothermal breccias; narrow alteration halos around these 
mineralized structures, consisting of quartz-carbonate-roscoelite-fluorite-adularia; and 
low-sulphur, high Au/Ag ore assemblages, including Au-Ag-tellurides, auriferous 
pyrite, and minor base metal sulphides. However, most of these epithermal deposits 
are associated with relatively evolved, high-KINa igneous rocks, such as shoshonites, 
syenites, trachytes and phonolites, whereas the PIC is mafic to intermediate, and sodic 
in composition (see below). In addition, adularia and fluorite are notably absent from 
the alteration assemblages associated with mineralization at Porgera. 
It is to be expected that there should be some inconsistencies with an association 
which is based on only a few examples, and it may be that Porgera represents an 
extension of this "alkalic" classification to include deposits associated with more mafic 
systems, characterized by low primary magmatic KINa ratios, and low fluorine-content 
in the ore-forming fluids. 
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3. PETROLOGY AND GEOCHEMISTRY OF THE PORGERA 
INTRUSIVE COMPLEX 
3.1. General Description 
The PIC consists of a suite of small stocks and dykes, ranging in size from one to a 
few hundred metres in longest dimensions, which intrude calcareous and argillic 
sediments of the Late Cretaceous Chim formation (Figs. 4 and 5; see also Fleming et 
al., 1986, and Henry, 1988). Drill-core cross-sections through the complex indicate 
closed, rounded to elongate shapes for many of the stocks, and planar dykes and cross-
cutting relationships are rarely observed (Fig. 9a). Zones of mixed sedimentary and 
igneous material can often be identified below the larger bodies, and these structures 
may represent collapsed feeder systems, or phreatomagmatic breccias resulting from the 
injection of magma into the soft, water-saturated sediments (the sediments are still soft 
and waterlogged today). Following emplacement, the pulses of magma appear to have 
ballooned-out into the sediments to form the rounded bodies now seen. 
Contact metamorphism is in general poorly developed, but epidote-garnet skams 
occur locally where calcareous sediments are intruded by some of the larger mafic 
bodies. Elsewhere, the black argillic sediments may be discoloured for a few metres 
around intrusive contacts (Fig. 9b), reflecting the incipient growth of micas, 
recrystallization of disseminated pyrite and oxidation of carbonaceous material, but 
ct.R.--.Y>t>I'\IR.f\.1:.. ""'\.. 
more extensive horrifels , is rarely observed. Weak propylitic alteration, resulting in 
II.. 
partial chloritization and saussuritization of groundmass minerals, is ubiquitous in the 
igneous rocks, and appears to reflect near-solidus interaction with deuteric fluids. The 
widespread occurrence of vesicles, miarolitic cavities, and pegmatitic lenses supports 
this interpretation, and indicates that the magmas were volatile-rich (Fig. 9c,d). More 
intense propylitic alteration (epidote, chlorite, carbonate) occurs at the margins of some 
intrusions or in zones of fracturing, and probably reflects sub-solidus groundwater 
interaction. 
3.2. Whole-Rock Geochemistry 
3.2.1. Methodology 
Major and trace element concentrations in 84 samples of fresh and altered intrusive 
rocks and sediments from Porgera were analyzed in duplicate by X-ray fluorescence 
(XRF) at the Department of Geology, ANU, using Li-borate glass discs and pressed 
powder pellets respectively (Norrish and Chappell, 1977). The results were calibrated 
against standard rock samples, and reported analyses are accurate to better than 1% of 
the concentration of each major element oxide, with the exception of NazO (± 2% 
relative). The minor element oxides MnO, KzO, and PzOs are accurate to the second 
decimal place. HzO+/- and C02 were determined by microabsotption, and FeO 
Fig. 9. Photographs of igneous textures in drillcore. 
(a) Large xenolith(?) of mafic intrusive rock enclosed and veined by later mugearitic 
intrusion (HD3 ). Cross-cutting relationships such as these are rarely visible at 
Porgera, because it appears to have been easier for later intrusions to displace the 
soft sedimentary country rocks, than to intrude earlier igneous bodies. DDH-
U174, -92m. 
(b) Chilled, porphyritic margin of HD3 intrusion, with sharp contact against Chim 
Formation sediments. The sediments have been bleached and indurated for a few 
metres around the contact, but strong homfelsing is notably absent at Porgera; calc-
silicate zones are locally developed in carbonate-rich sediments, however. DDH-
U174, 203m. 
(c) Porphyritic hawaiite, Roamane intrusion, with abundant small cognate xenoliths 
(dark patches) and miarolitic cavities (light patches). DDH-P312, 45933N 
71741E, 48/161, 131m. 
(d) Pegmatitic lens in alkali gabbro, Rambari intrusion. Hornblende crystals (dark) 
project into the plagioclase-rich pegmatite. DDH-P302, 45828N 71533E, 60/161, 
171m. 
• CD 
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concentrations were determined by titration. Trace elements are accurate to ± 5 ppm for 
concentrations above -100 ppm,± 2 ppm between 100 and 50 ppm, and± 1 ppm at 
lower concentrations. Descriptions of the samples are given in Appendix 1, and results 
are listed in Table ALl; a listing of normative compositions of selected least-altered 
samples is given in Table A1.3. 
Rare-earth (REE) and other elements were also analyzed in 14 samples by 
instrumental neutron activation (INAA; Chappell and Hergt, 1989), and results and 
uncertainties are listed in Table A 1.2. 
3.22. Alteration 
All of the igneous rocks from Porgera show some degree of alteration, but by 
combining petrographic and chemical criteria, including volatile concentrations, it has 
been possible to select a suite of 32 samples (indicated by asterisks in Appendix 1) in 
which the effects of alteration on bulk-rock composition are minimal. Consideration of 
the behaviour of mobile elements such as K or Rb demonstrates the validity of these 
selection criteria. In Figure 10, a plot of K20 concentration versus Nb (an immobile 
element) shows that those samples characterized as "unaltered" cluster at low K20 and 
intermediate Nb values and show a weak positive correlation, but propylitically altered 
samples show increased scatter towards lower Nb (dilution); samples from mineralized 
areas which have undergone sericitic alteration show strongly elevated K20 and (in 
some cases) Nb concentrations, reflecting bulk K-metasomatism and concentration or 
local metasomatic enrichment of Nb. 
Despite elimination of significantly altered samples, high volatile contents remain a 
characteristic feature of the sample suite. Primary magmatic volatiles enclosed in the 
structures of igneous amphiboles, micas, and apatite (which are abundant in these 
rocks) may account for a large proportion of this total, but there has also been some 
sub-solidus hydration and carbonation even in the least altered rocks. This alteration 
appears to have resulted only in weak dilution effects with no significant metasomatism, 
and so whole-rock compositions are recalculated to 100% free of volatiles <H20, C02, 
S) for plotting purposes, in order to facilitate comparisons between samples. 
3.2.3. TAS Classification 
The selection of 32 least-altered samples represents all the major intrusions and 
several smaller bodies at Porgera. It can be seen that the majority of these rocks contain 
normative nepheline, and are therefore alkaline in character. 
The total alkali-silica diagram of Le Bas et al. (1986) is used in Figure 11 to classify 
the sample suite, recognizing that the criteria for the ideal use of this scheme (that the 
samples should be fresh, non-crystal-enriched, volcanic rocks) are not strictly met. 
Nevertheless, the scheme appears to work satisfactorily for subvolcanic rocks, and for 
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rocks showing mild alteration (but not metasomatism); cumulate-enriched samples are 
identified in the figure. On the basis of this scheme, the suite is classified as sodic 
([Na20 - 2] > K20), and ranges from alkali basalt/gabbro ~hawaiite (trachybasalt) ~ 
mugearite (basaltic trachyandesite). A similar classification is suggested by the 
nonnative mineralogy (Johnson et al., 1978b), and by consideration of Zrffi~ and 
Nb/Y ratios (Fig. 12; Winchester and Floyd, 1977). 
32.4. Fractionation 
Major and trace elements show reasonably well-correlated, curvilinear trends over a 
range of Si02 concentrations from 45 to 55 weight percent (Fig. 13). These trends 
suggest that the samples are related by crystal fractionation, and are therefore 
comagmatic. 
Relatively small compositional ranges are shown by individual intrusions (Fig. 
13a), indicating that little in situ fractionation took place after emplacement. Rather, 
fractionation appears to have occurred in a deeper level magma-chamber (perhaps 
reflected in the large aeromagnetic anomaly around the complex; Fig. 5) prior to 
shallow-level emplacement. The intrusions were probably emplaced as batches of 
crystal-laden magma, which were extracted from the parental magma-chamber at 
various stages of its evolution. Rapid solidification of these magma batches prevented 
significant crystal/liquid segregation (except in the largest mafic bodies where cumulates 
are developed), but petrographic evidence may be found for differentiation of residual 
melts on a hand-specimen or thin section scale in some coarser-grained samples. 
The observed inter-element trends in Figure 13 have been modelled with eleven 
oxides (Si~, Ti~, Al203, Fe203, FeO, MnO, MgO, CaO, Na20, K20, P20s) by 
least squares calculations, using the programme XLFRAC (Stormer and Nicholls, 
1978). The samples RJR-3 (alkali basalt) and RJR-9 (mugearite) were chosen as the 
least altered examples of mafic and more evolved compositions respectively, and 
electron microprobe analyses of observed phenocryst phases (hornblende, 
clinopyroxene, plagioclase, apatite, and magnetite) plus olivine (assumed to be Fos6; 
Deer et al., 1966, p.4) were used in the computations. The model fits the data with low 
residuals (sum of squares= 0.173), and suggests removal of phenocryst phases in 
proportions similar to the observed modal proportions; i.e., hornblende (24.6%), 
clinopyroxene (12.9%), plagioclase (19.4%), olivine (2.0%), apatite (1.5%), magnetite 
(1.9%), where figures in parentheses represent the amounts of fractionated phases as 
weight percent of the initial magma. This result provides strong support for the 
hypothesis that the samples are related by fractionation of phenocrysts from a single 
parental magma. 
The dominance of hornblende as a fractionating phase in later melts, as suggested 
by modal abundances and the above calculations, exercizes a strong control on the 
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chemical evolution of the magma. Hornblende is highly undersaturated in silica 
(typically around 40 wt.% Si(h), and fractionation therefore results in a rapid increase 
of Si02 in the magma with respect to most other elements (Wones and Gilbert, 1982). 
Precipitation of titaniferous magnetite, clinopyroxene, and amphibole resulted in 
progressive depletion of Ti02, l:Fe and MgO in the melt, whereas separation of 
clinopyroxene and calcic plagioclase resulted in an increase in total alkalis, but decrease 
in CaO. The rocks therefore show no iron-enrichment on an AFM diagram (Fig. 14). 
High Fe3+JFe2+ ratios (average = 0.8) are characteristic of the sample suite. Some 
oxidation may have occurred during solidification, but the ubiquitous presence of 
magnetite as a phenocryst phase nevertheless suggests conditions of elevated f02 in the 
primary magma. This conclusion is supponed by high calculated and measured 
Fe3+fFe2+ ratios in clinopyroxene and hornblende phenocrysts (see Section 3.6.1). 
A suite of relatively late, mugearitic feldspar porphyry dykes has attracted interest 
because of its close spatial association with zones of mineralization. These rocks are 
commonly highly altered, but analyses of two of the least altered samples are included 
in the selected data set (RJR-56 and RJR-60). Their chemistry is similar to analyses of 
other rocks from the complex with the exception of the compatible elements Ni, Cr, Sc, 
and Mg, which are present in higher concentrations than in other rocks of similar silica 
content This difference may be due to magma mixing (see Section 3.4.1). 
32.5. Trace Elements 
Trace element data for the sample suite are listed in Tables A1.1 and Al.2. To 
simplify comparisons between these rocks and other igneous suites, selected data have 
been normalized to the composition of a typical mid-ocean ridge basalt (MORB; Pearce, 
1982, 1983) and primitive mantle in Figure 15 (Sun and McDonough, 1989); selected 
REE data are normalized to CI chondrites (Fig. 16) using the values of Taylor and 
McLennan (1985). The ordering of elements in Pearce-type and mantle-normalized 
diagrams is based on their degree of compatibility with garnet lherzolite, the source rock 
of many mantle-derived magmas. Thus, the mobile elements Sr, K, Rb and Ba are 
listed in order of decreasing compatibility towards the right in Figure 15b, and are 
followed by the immobile elements, listed in increasing order of compatibility. Sc and 
Cr are compatible with mafic silicates and oxides, and Y and Yb are compatible with 
garnet; Sr is compatible with plagioclase, P is compatible with apatite, and Ti is 
compatible in melts crystallizing magnetite and Ti-rich amphibole (Gill, 1981, p. 113; 
Pearce, 1982, 1983). In addition, relatively low concentrations of Rb, K and Ba may 
reflect the presence of residual phlogopite in the source region (Sun and McDonough, 
1989). 
The patterns resulting from this normalization procedure have been discussed by 
Pearce (1982, 1983) who concluded that under normal conditions, the shapes of the 
FeO* 
~-~.;.· 
-... , 
Fig. 14. AFM plot of samples from the PIC. Note lack of significant 
iron-enrichment, typical of many alkaline suites (Irvine and Baragar, 1971). 
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patterns reflect varying enrichments or depletions in the mantle source rocks relative to 
MORB or primitive mantle. On the other hand, the level of the pattern (e.g., relative to 
rock/MORB = 1) is governed by the degree of partial melting, such that small degree 
melts show the largest enrichments in incompatible elements. 
Five samples from Porgera, representing cumulate-enriched alkali gabbro (RJR-
27), hawaiite (RJR-7 and RJR-53), mugearite (RJR-9), and mugearitic feldspar 
porphyry (RJR-56), are plotted in Figure 15, and chondrite-normalized REE patterns 
are shown in Figure 16. It can be seen that the entire suite is selectively enriched in 
incompatible elements, including LREE, whereas the relatively low levels of HREE and 
Y, and high Nb{fa ratios (-20), may reflect small degrees of partial melting in the 
presence of garnet and clinopyroxene (Hanson, 1978; Green et al., 1989), thus 
indicating derivation from a relatively deep level in the upper mantle (below -75 km; 
Green, 1973). 
Detailed inspection of Figure 15 shows that the concentrations of most of the 
incompatible elements increase slightly with differentiation (i.e., from RJR-7 to RJR-
9), but small decreases are seen for P and Ti; these depletions are due to fractionation of 
apatite, magnetite and amphibole. It is interesting to note that whereas Nb remains 
incompatible during shallow-level fractionation (Fig. 13d), Ti is compatible, and 
concentrations fall with increasing Si(h (Fig. 13c). This geochemical separation ofNb 
and Ti is unusual (cf. Green and Pearson, 1987; Green et al., 1989), and may be due to 
the high oxidation state of the magma, resulting in extensive fractionation of Ti-rich, 
Nb-poor magnetite. Uniform concentrations of Sr (Fig. 15) and the lack of a negative 
Eu anomaly in Figure 16 suggest that plagioclase (with which Sr and Eu2+ are 
compatible) was not an important early fractionating phase. The small positive Eu 
anomaly which is in fact observed, may result from a combination of the presence of 
garnet as a residual phase in the mantle source region, fractionation of hornblende, 
apatite and clinopyroxene, and the high oxidation state of the magma (Hanson, 1980). 
The normalized element patterns shown in Figures 15 and 16 are characteristic of 
intraplate alkali basalts, and are distinguished from those of arc magmas by the lack of 
negative anomalies at Nb, Ta and Ti (Pearce and Cann, 1973; Floyd and Winchester, 
1975; Winchester and Floyd, 1977; Pearce and Norry, 1979; Pearce, 1982, 1983; 
Cullers and Graf, 1984 ). Additional geochemical parameters which indicate an 
intraplate affmity for the Porgera suite are low BalLa (8 to 10), La/Nb (0.6 to 0.7) and 
Sr/Nd (-25) ratios and LREE enrichments ([La/Yb]cn = 15 to 19) in the least-evolved 
rocks, although Ti/Eu ratios (3900 to 4000) are slightly lower than in typical ocean 
island basalts ( -6000; Sun and McDonough, 1989). 
The observed enrichments in incompatible elements may be due either to very small 
degrees of partial melting of garnet lherzolite, or to larger degrees of melting of a 
metasomatized mantle source region. Extensive melting does not seem likely because 
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of the apparent survival of phlogopite and garnet in the source, and because the PIC 
does not appear to be part of a larger comagmatic volcanic province (rare alkali basalts 
and basanites are found in some of the basaltic to andesitic Plio-Pleistocene eruptive 
centres, but these rocks are typically potassic, and show mild to strong Nb-Ti-
depletions, suggesting a calc-alkaline affmity; Mackenzie and Johnson, 1984; see 
Section 3.7.2 and Fig. 26). Nevertheless, the high volatile content and oxidation state 
of the parental magma are inconsistent with partial melting of a depleted upper mantle 
source except at very low ( < 1%) degrees of melting (in which case the melts would be 
potassic; McKenzie, 1989), and suggest that metasomatism may have been important in 
generating an incompatible element-enriched, low-temperature melting fraction in the 
upper mantle (e.g., Cullers and Graf, 1984). This metasomatized fraction would be the 
first to melt during any subsequent thermal or adiabatic event 
In summary, the trace element signature of the Porgera igneous suite is consistent 
with its alkali basaltic to mugearitic major element chemistry, and with fractionation of 
the observed phenocryst phases. Relatively low concentrations of Y and the HREE, 
and enrichments in incompatible elements including Nb and Ta are typical of intraplate 
basalts derived from an enriched garnet lherzolite source, and distinguish these rocks 
from arc magmas (see petrogenetic discussion in Section 5). 
3.3. Petrology 
The intrusive rocks at Porgera show a variety of textures, and range from 
melanocratic (up to 63% mafic minerals in cumulate-enriched alkali gabbros) to 
leucocratic (down to 14% mafics in plagioclase-rich mugearites); brief descriptions and 
modal mineralogies of unaltered samples are given in Appendix 1. Individual 
intrusions are generally homogeneous, but some variation is seen in the larger bodies, 
consisting mainly of varying modal phenocryst proportions and increasing grainsize of 
groundmass feldspar towards the centres. Porphyritic rocks are dominant, with 
clinopyroxene, hornblende and/or plagioclase phenocrysts reaching several millimetres 
in length. Coarse-grained ophitic-textured rocks, with large hornblende oikocrysts, 
characterize some apparently early, large alkali basalt/gabbro intrusions, particularly at 
Rambari (Fig. 5). Small intrusions of alkali basalt and the chilled margins of some 
larger gabbroic intrusions are characterized by olivine (altered to fine-grained, talc-
carbonate-Fe-oxide pseudomorphs; Fig. 17a) and clinopyroxene phenocrysts, but lack 
hornblende phenocrysts; this observation suggests that PH2o was not high enough in 
the earliest, most primitive magmas for amphibole formation (see below). Plagioclase 
phenocrysts are also rare in these primitive basaltic intrusions, but occur in increasing 
quantities as silica concentrations rise above -48 wt. %. Plagioclase is the dominant 
phenocryst phase in the late feldspar porphyry dykes·. 
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The large number of phenocryst phases present in most rocks, including chilled 
margins, suggests emplacement at shallow levels after a significant period of deeper 
level fractionation. Olivine and diopsidic clinopyroxene appear to have been the earliest 
crystallizing silicate phases, but olivine gave way to hornblende as PH2o began to 
increase with fractionation. Where olivine, clinopyroxene and hornblende are seen 
together, the amphiboles typically display rounded, resorbed textures, suggesting either 
that they were only marginally stable during early fractionation, or that the grains are 
pseudo-xenocrysts (perhaps derived by mixing of more- and less-evolved magmas in 
the parental magma chamber). Hornblende may also occur as an ophitic mineral 
enclosing clinopyroxene and olivine phenocrysts in alkali gabbros, but as such it may 
not be cotectic with these minerals. 
Apatite and spinel-group minerals are present in all the samples described here, 
although they are rare in the feldspar porphyries. Their common occurrence as 
inclusions in early-formed clinopyroxene-phenocrysts indicates an early appearance as 
crystallizing phases. In contrast, plagioclase is the last mineral to appear as a cotectic 
phase, closely following hornblende, and its earlier crystallization may have been 
suppressed by high volatile contents in the magma (see below). Biotite (s.l.) occurs in 
many samples as a late, interstitial phase. 
As noted above, whole-rock geochemical data indicate that the intrusive rocks 
represent a comagmatic fractionation suite, but that little in situ fractionation of the 
individual shallow-level intrusions has occurred. The lack of significant reaction and 
overgrowth textures in the majority of the porphyritic rocks supports the hypothesis that 
they were emplaced as crystal-laden melts, and solidified rapidly. Post-emplacement 
crystal/melt segregation is only noticeable in the largest intrusions, where ophitic-
textured cumulates or plagioclase-rich rocks are developed. 
3.4. Petrography 
In porphyritic rocks, unaltered silicate phenocrysts show normal and/or oscillatory 
zoning, and are set in a relatively fine-grained feldspathic matrix which typically shows 
some degree of propylitic alteration. 
Clinopyroxene occurs as euhedral, zoned phenocrysts up to 1 mm across (Fig. 
17b,c ), or as radiating glomeroporphyritic clusters of prismatic, pale green, oscillatory-
zoned crystals, often spanning several millimetres. Clinopyroxene phenocrysts enclose 
grains of spinel (s.l.) and apatite, and may be intergrown as clusters with prismatic 
hornblende; replacement by hornblende is rarely seen, however. Phenocrysts from 
alkali basalts and mafic hawaiites consist of normally zoned diopsidic cores mantled by 
oscillatory-zoned salitic overgrowths, whereas crystals in the more evolved hawaiites 
and mugearites are wholly oscillatory-zoned salites, and show a stronger green 
colouration than the diopsides. 
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Strongly pleochroic brown hornblende is the dominant ferromagnesian mineral in 
most rock-types at Porgera, with the exception of the feldspar porphyries and some of 
the least evolved alkali basalts and hawaiites. In porphyritic rocks, hornblende occurs 
as prismatic brown phenocrysts, often several millimetres long, and may be overgrown 
by dark-brown sub-ophitic rims which enclose grains of magnetite and matrix 
plagioclase (Fig. 17d). Large phenocrysts may also show oscillatory zoning, 
highlighted by dark-brown bands and zones rich in fluid or melt inclusions (see Section 
4.2.5 and Fig. 29); clinopyroxene, magnetite and apatite also occur as rare inclusions in 
such grains. Phenocrystic hornblende does not seem to have replaced pyroxene to any 
significant extent, and appears to be a primary magmatic precipitate. In gabbroic 
intrusions, hornblende forms large, dark-brown ophitic grains, similar to the sub-
ophitic rims ofphenocrystsfrom porphyritic samples (Fig. 17e). Ophitically enclosed 
phases may include clinopyroxene, olivine (as pseudomorphs), apatite, magnetite and 
plagioclase. These ophitic hornblendes- probably crystallized slowly from residual 
melts, following emplacement at high levels. In some cases, the presence of relict pale-
brown cores with more primitive compositions (e.g., higher Cr-concentrations and 
magnesium numbers) but in optical continuity with the dark-brown rims, suggests that 
the oikocrysts grew initially by recrystallization of early hornblende phenocrysts. 
The abundance of hornblende phenocrysts in many of the samples has prompted 
suggestions of a lamprophyric affmity for the Porgera suite (e.g., Sombroek, 1985; 
Rock et al., 1989), but such a classification is ruled out by the additional presence of 
plagioclase phenocrysts in ·all but the least evolved alkali basalts and hawaiites (using 
the textural criteria of Streckeisen, 1979, and Rock, 1987). In addition, in most of 
those samples which contain no plagioclase phenocrysts, hornblende phenocrysts are 
also absent, or show evidence of instability, as noted above. 
Plagioclase phenocrysts typically show strong normal zoning, with superimposed 
oscillatory zoning, and may occur singly or as glomeroporphyritic clusters (Fig. 17g). 
The phenocrysts are distinguished from matrix plagioclase by their size (up to 0.5 em 
wide) and more complex zoning patterns. However, in some of the larger mugearitic 
intrusions such as HD2 and HD3, the distinction between groundmass and 
phenocrystic plagioclase becomes less clear, because the rocks consist of an 
interlocking matrix of coarse-grained zoned plagioclase laths, probably reflecting 
slower cooling. Nevertheless, where unaltered samples of chilled margins from these 
intrusions can be found, plagioclase is clearly present as a phenocryst phase, alongside 
hornblende and clinopyroxene. 
Biotite (s.l.) occurs as a minor component in the groundmass of many samples, 
forming small interstitial crystals in fine-grained rocks, and larger, unzoned, subhedral 
books in coarser-grained lithologies (up to -1 mm across; Fig. 17h); rarely, biotite 
occurs as epitaxial overgrowths on hornblende phenocrysts, suggesting a reaction 
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relationship. Unaltered biotite shows very strong pleochroism from dark reddish-
brown to pale yellow, but this mineral is more commonly observed in a partially to 
completely chloritized state. 
Apatite is a common accessory phase, and occurs as euhedra up to 2 mm wide 
which are often crowded with melt and fluid inclusions (Fig. 17b). Small apatite 
euhedra are also found as inclusions in clinopyroxene and hornblende phenocrysts, and 
acicular apatite occurs in the groundmass of fine-grained rocks. Spinel (s.l.) 
phenocrysts are also common, but rarely exceed a few hundred microns in size; they 
typically occur as inclusions in mafic silicates, whereas coarser-grained anhedral 
magnetite occurs in the groundmass. 
The groundmass of porphyritic rocks ranges from fine- to medium-grained, and is 
dominated by plagioclase which is variably altered to sericite-carbonate-epidote 
intergrowths. Minor amounts of ferromagnesian phases intergrown with the 
plagioclase are generally altered to chlorite (± calcite, sericite, epidote, sphene, pyrite 
and iron oxides) but unaltered biotite and hornblende may persist in the groundmass of 
coarser-grained rocks. 
3.4.1. Feldspar Porphyries 
The feldspar porphyry dykes are distinguished from other porphyritic rocks at 
Porgera more by their paucity of hornblende, magnetite, and apatite phenocrysts, than 
by the presence of plagioclase phenocrysts, because most of the rock-types at Porgera 
are plagioclase-phyric to some extent. The feldspar porphyries are also unusually 
inhomogeneous, and contain abundant globular or whispy patches (several centimetres 
wide) of aphanitic hornblende-plagioclase material. These patches do not appear to be 
simple xenoliths, but rather they may reflect mixing between an evolved feldspar-rich 
magma and a more mafic aphyric melt; this relationship may explain the relatively high 
abundances of compatible elements in these rocks. 
Electron microprobe analyses of clinopyroxene and plagioclase phenocrysts and 
matrix hornblendes in the feldspar porphyries are essentially identical to analyses from 
the other intrusions, and indicate a primitive to intermediate position in the overall 
fractionation suite. For instance, glomeroporphyritic clinopyroxenes forming stellate 
clusters in one sample are Cr-rich diopsides (up to 0.72 wt.% Cr203) whereas 
unaltered plagioclase phenocrysts in two other samples are labradorites. Groundmass 
hornblendes from the aphanitic patches are compositionally indistinguishable from 
hornblende phenocrysts in other samples. 
Ejection of this heterogeneous material from the parental magma chamber may have 
resulted from the late-stage influx of a pulse of fresh, primitive magma, which mixed 
with residual plagioclase-rich melts (see Section 6.5). 
Fig. 17. Photomicrographs of igneous minerals from the Porgera Intrusive Complex; 
(a,b,d,e,h) in plane-polarized light, (e,f,g) in cross-polarized light. Scale bars = 0.5 
mm. Abbreviations: Ap = apatite, Bi = biotite, Cpx = clinopyroxene, Hbl = 
hornblende, Mt = magnetite. 
(a) Talc-carbonate-iron oxide pseudomorph after euhedral olivine phenocryst. No 
fresh olivine was found at Porgera, but these pseudomorphs are abundant in alkali 
basaltic and mafic hawaiite samples. Sample RJR-2. 
(b) Zoned clinopyroxene with apatite and hornblende phenocrysts. Sample RJR-1. 
(c) Zoned and twinned clinopyroxene phenocrysts in glomeroporphyritic cluster. 
Sample RJR-43. 
(d) Weakly zoned, glomeroporphyritic hornblende phenocrysts, with thin sub-ophitic 
dark-brown rims. Sample RJR-39. 
(e) Dark-brown ophitic hornblende enclosing magnetite and plagioclase (and 
elsewhere clinopyroxene and olivine [pseudomorphs]). Sample RJR-47. 
(t) Small, rounded cognate xenolith, consisting of intergrown hornblende and 
clinopyroxene; this, and other cumulate-textured xenoliths found in samples from 
Porgera, may be fragments broken from early cumulate zones in the parental 
intrusion during ejection of magma to form the shallow-level stocks. Sample 
RJR-51. 
(g) Zoned plagioclase phenocrysts set in fme-grained feldspathic matrix, from near the 
edge of the HD3 intrusion. The presence of plagioclase phenocrysts in many 
samples rules out a lamprophyric textural classification for the intrusive suite. 
Sample Pll5. 
(h) Biotite and hornblende in the matrix of a small hornblende-ophitic hawaiite 
intrusion. Sample RJR-46. 
Fig.17 
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3.42. Xenoliths and Xenocrysts 
Small (up to a few em) rounded xenoliths consisting of granular or equant 
hornblende and clinopyroxene crystals, occur in many of the porphyritic alkali basalts 
and hawaiites (Fig. 17f). Electron microprobe analyses of the xenolithic minerals are 
similar to analyses of minerals in the host rocks, with the exception that Cr-
concentrations and magnesium numbers may be slightly higher. These characteristics 
suggest that the xenoliths are cognate in origin, and that they represent fragments of 
earlier formed cumulate material which were broken from the parental magma chamber. 
They thus provide further evidence for fractionation of the magma prior to emplacement 
of the presently exposed shallow-level stocks. 
In addition to cognate xenoliths, xenocrystic fragments are also occasionally found 
in mafic porphyritic rocks. These occur as cores to large phenocrysts, of sharply 
contrasting colour and composition, and may or may not be cognate in origin. They are 
discussed more fully below in Section 3.5. 
Xenoliths of sedimentary or metamorphic origin are rarely observed, but complex 
intermixing between magma and the sedimentary host rock has occurred in the margins 
or root-zones of some intrusions. 
3.4.3. Petrographic Evidence for Magmatic Volatiles 
An important feature of the intrusive rocks at Porgera is the high volatile content of 
the magma, as implied by (1) the abundance of hornblende and apatite phenocrysts, and 
matrix biotite, (2) the presence of primary fluid inclusions in some hornblende, 
clinopyroxene and apatite phenocrysts, and (3) the widespread occurrence of pegmatitic 
material, miarolitic cavities and vesicles (Figs. 9c,d and 18a,b,c). Pegmatites occur as 
small (centimetre-scale) segregation-veinlets and lenses in the coarser-grained 
porphyritic rocks, and consist of large acicular hornblende and apatite crystals 
(sometimes several centimetres long) set in a matrix of coarse-grained, interlocking 
plagioclase. Miarolitic cavities are common in the pegmatites and other coarse-grained 
rocks, whereas vesicles occur in the fme-grained chilled margins of some of the larger 
intrusions and in small mafic dykes. The vesicles represent gaseous bubbles formed 
during quench of dominantly liquid magmas, whereas miarolitic cavities formed as 
intergranular volatile-filled cavities during slower crystallization of the coarser-grained 
rocks. 
These features, and particularly the third group, provide strong evidence for 
saturation of the melt in volatile components, resulting in the exsolution of a separate 
volatile phase. The composition and evolution of this phase are discussed in Section 
3.6.2. 
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3.4.4. Alteration Minerals 
As noted above, the entire intrusive complex has experienced variable degrees of 
propylitic alteration, and intense phyllic/argillic alteration also occurs locally, associated 
with gold mineralization. In weakly altered rocks, propylitic alteration is characterized 
by the appearance of minor chlorite and calcite in the matrix, and weak sericitization of 
plagioclase; only samples showing this degree of alteration or less were selected for 
geochemical analysis. However, in more strongly altered samples, epidote, sphene, 
secondary green amphibole, quartz, Fe-oxides and pyrite appear, and plagioclase may 
show petvasive sericite-carbonate-epidote alteration. Zeolites, prehnite, pumpellyite, 
garnet (hydro-grossular?) and rare adularia also occur locally, and vesicles and 
miarolitic cavities are filled by minerals from this assemblage (Fig. 18). Carbonate 
veinlets are widespread, and commonly contain sulphides and minor quartz; they are 
typically surrounded by narrow (mm-scale) alteration halos of intense chloritization or 
sericitization, with disseminated pyrite. 
Petvasive phyllic/argillic (sericite-carbonate) alteration in the ore zone generally 
results in almost total destruction of the primary igneous mineralogy, but relict textures, 
such as the outlines of phenocrysts, are often presetved; apatite is the only primary 
mineral which regularly sutvives this alteration. Sericite occurs as fine-grained 
aggregates replacing feldspars and groundmass, with individual mica crystals rarely 
exceeding a few microns in length (Fig. 18f). X-ray diffraction (XRD) studies carried 
out in the Geology Department, ANU, indicate that the sericites are variably disordered 
1M illites (cf. Frank and Stettler, 1979; Reynolds, 1980; Srod6n and Eberl, 1984). 
This mineralogy is characteristic of micas formed at relatively low temperatures (350°C 
to -200°C; Yoder and Eugster, 1955; Velde, 1977) in diagenetic or hydrothermal 
environments (e.g., Frank and Stettler, 1979; Clauer, 1981; Bonhomme et al., 1983, 
1987; Hunziker et al., 1986), and provides a constraint on the temperature of ore-
formation at Porgera. Auriferous arsenical pyrite, and fine-grained quartz and 
carbonate (mostly calcite and dolomite) accompany this alteration, and form large, low-
grade deposits of disseminated gold mineralization at Waruwari (Fig. 5). 
3.5. Mineral Chemistry 
The compositions of unaltered phenocryst and groundmass phases have been 
determined by wavelength dispersive X-ray analysis using a Cameca Microbeam 
electron microprobe, operated at 15 kV and 40 nA for amphiboles, feldspars, micas and 
apatite, and 25 kV for pyroxenes (40 nA) and spinels (110 nA). Representative 
analyses are listed in Tables 2 to 7. In the following discussions, MG = 
lOOxMg!(Mg+~e), and FeO* =total Fe calculated as FeO. 
Fig. 18. Photomicrographs of vesicles, miarolitic cavities, and alteration minerals 
from the Porgera Intrusive Complex, taken in cross-polarized light (except [b], plane-
polarized light). Scale bars = 0.5 mm. Abbreviations: Cc =calcite, Ep = epidote, Gn 
= garnet, Ksp = K-feldspar. 
(a) Miarolitic cavity lined with inwardly-projecting, primary-magmatic plagioclase 
laths, and filled with secondary calcite. Sample RJR-48. 
(b) Similar to (a) except in plane-polarized light. Plagioclase laths are moderately 
saussuritized, and cavity is filled with secondary calcite. Sample PS 129. 
(c) Vesicle in propylitically altered alkali basaltic dyke, lined with secondary K-
feldspar (adularia?) and filled with calcite. Sample PS54. 
(d) Small cavity in hawaiitic intrusion, filled with calcite, garnet (hydro-grossular?), 
and epidote (at the edges). Sample RJR-32. 
(e) Secondary epidote and calcite filling large miarolitic cavity in hawaiitic intrusion. 
Sample RJR-7. 
(t) Unusually coarse~grained sericitic alteration of Roamane intrusion, related to 
strong A-type veining. Sample PS 114. 
Fig.18 
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3.5 .1. Clinopyroxene 
Electron microprobe analyses of clinopyroxene phenocrysts reveal compositions 
ranging from diopside to salite (M~6.9C347.7Fe5.4 to Mg3s.1C347.6Fe11.3) with the 
most magnesian compositions occurring in the least evolved rocks (Table 2). Fez03 
and FeO concentrations have been calculated from the electron probe data by assuming 
6.0 oxygens and 4.0 cations in the clinopyroxene molecule, and the proportions of 
various Tschermak's components have been calculated following the method of 
Kushiro (1962). The Fe3+fFe2+ ratio is high in many analyses and averages -1.6, but 
with a distinct mode between 0.5 and 0.7. The skew distribution to high values 
probably reflects propagation of analytical errors in the calculation of site occupancy 
(e.g., McGuire et al., 1989). Fe3+ is accommodated mainly in the fassaite molecule 
[CaFe3+(AlSi06)], but lesser acmite [NaFe3+(Siz06)] and rare [CaFe3+(Fe3+Si06)] 
may also be present. High A1 contents balance high Fe3+ and Ti concentrations (Fig. 
19a), and reflect low silica activities and high oxidation states in the melt, in agreement 
with whole-rock data. Octahedral A1 (Alvi) is also high in many phenocrysts (Table 2) 
and suggests that the pyroxene phenocrysts are the product of relatively deep-level 
fractionation (Aoki and Shiba, 1973), and were therefore largely formed prior to 
emplacement at the present shallow levels. 
Diopsides from the more mafic rocks contain significant Cr (up to 6150 ppm, 0.90 
wt.%) and Ni (up to 560 ppm, 0.07 wt.%) in their cores, but these elements diminish 
to below detection limits (-50 ppm) in more Fe-rich overgrowths, and in salitic crystals 
(Fig. 19b ). This observation suggests that crystallization of clinopyroxene, olivine, 
and Cr-rich magnetite (see below) stripped Cr and Ni from the melt at an early stage of 
fractionation. 
TiOz varies antithetically with MG in zoned crystals, and high values (up to 2.5 
wt.%) occur in the salitic rims of phenocrysts from alkali basalts and hawaiites (Table 
2, analysis 3). Concentrations in the centres of phenocrysts are low, however, and 
typically range between 0.5 and 1.0 wt.% TiOz, in keeping with the relatively low 
whole-rock concentrations. NazO (present mainly as the acmite component) also varies 
antithetically with MG in zoned phenocrysts (Fig. 19c), and Fe3+ (present as the 
fassaite and acmite components) may be enriched towards the rims. 
NazO is particularly enriched in late-stage augites which project into miarolitic 
cavities (Table 2, analysis 5; Fig. 19c). These crystals grew in equilibrium with a late-
magmatic volatile phase, and the evolution of this phase is reflected in the zonation of 
phenocrysts whose terminations project into the cavities. One such grain is zoned from 
a salite-augite core (Mg44.2Ca44.9Fe10.9) with 0.55 wt.% NazO, to augite 
(M~.sC~1.oFe14.5) with 0.99 wt.% NazO. MnO also increases, and TiOz and FeO* 
decrease towards the miarolitic termination, but the crystal core is chemically similar to 
other pyroxene phenocrysts in the sample. 
Table 2. Clinopyroxene Analyses. 
Analysis# 1 2 3 4 5 6 
Sample# RJR-44-C RJR-40-S RJR-40-V RJR-17-H RJR-18-F RJR-12-0 
Si02 49.87 50.48 43.54 47.11 53.36 49.08 
Ti02 0.86 0.55 2.49 1.28 0.21 0.39 
Ah0:3 5.00 3.92 9.19 6.97 0.39 2.93 
Cr20:3 0.73 0.57 0.01 < 0.03 < 0.03 < 0.04 
FeO* 4.31 4.45 8.30 8.58 8.08 11.94 
NiO 0.05 0.02 <0.01 < 0.03 < 0.04 < 0.04 
MnO 0.07 0.10 0.16 0.20 1.19 1.17 
MgO 15.26 16.00 11.90 12.17 15.28 10.60 
CaO 23.20 23.14 21.66 22.70 20.35 22.31 
Na20 0.30 0.30 0.48 0.59 0.77 0.98 
K20 < 0.01 n.d. n.d. < 0.01 < 0.01 < 0.01 
Total 99.67 99.51 97.73 99.60 99.64 99.40 
Atomic proportions on the basis of 6 oxygens, 4 cations: 
Si 1.832 1.853 1.655 1.757 1.980 1.863 
Ti 0.024 0.015 0.071 0.036 0.006 0.011 
AJiV 0.168 0.147 0.345 0.243 0.017 0.131 
AJVi 0.070 0.039 0.068 0.064 0.000 0.000 
Cr 0.021 0.017 0.000 0.000 0.000 0.000 
Fe3+ 0.072 0.100 0.170 0.150 0.067 0.194 
Fe2+ 0.060 0.037 0.094 0.118 0.184 0.185 
Ni 0.002 0.001 0.000 0.000 0.000 0.000 
Mn 0.002 0.003 0.005 0.006 0.037 0.038 
Mg 0.836 0.875 0.674 0.677 0.845 0.600 
Ca 0.913 0.910 0.882 0.907 0.809 0.907 
Na 0.021 0.021 0.035 0.043 0.055 0.072 
K 0.000 0.000 0.000 0.000 0.000 0.000 
MG = 100xMgi(Mg+IFe) 86.31 86.51 71.88 71.66 77.11 61.27 
mg = 100xMgi(Mg+Fe2+) 93.26 95.94 87.73 85.17 82.15 76.39 
Molecular Components (after Kushiro, 1962): 
Woll Ca2(Si206) 38.44 38.88 30.45 35.02 39.72 39.05 
En Mg2(Si206) 41.79 43.77 33.72 33.84 42.25 29.98 
Fs Fe2+2(Si206) 3.22 2.03 4.98 6.21 11.05 11.14 
Subtotal 83.45 84.68 69.15 75.07 93.02 80.17 
Other Components 
Ac NaFe3+(Si206) 2.12 2.11 3.53 4.25 5.53 7.23 
Ti-Ts CaTi(Al206) 2.39 1.53 7.13 3.58 0.60 1.12 
Fs-Ts CaFe3+(AISi06) 5.10 7.84 13.42 10.73 0.52 10.86 
Ca-Ts CaAI(AlSi06) 6.95 3.85 6.78 6.38 0.00 0.00 
CaFe3+(Fe3+Si06) 0.00 0.00 0.00 0.00 0.33 0.63 
Subtotal 16.56 15.33 30.86 24.94 6.98 19.84 
Table 2, cont. 
Ca:Mg:(l:Fe+ Mn) percentages: 
Ca 
Mg 
l:Fe+Mn 
Notes to Table 2: 
48.47 
44.37 
7.16 
47.33 
45.54 
7.13 
48.46 
37.04 
14.49 
48.83 
36.43 
14.74 
41.65 
43.51 
14.84 
RJR-44-C: Centre of glomerophyric chromian diopside, from small alkali gabbro 
intrusion. 
RJR-40-S: Diopsidic centre of zoned phenocryst, from small alkali basalt dyke. 
RJR-40-V: Salitic rim of same phenocryst as RJR-40-S. 
RJR -17-H: Oscillatory-zoned overgrowth to large salite phenocryst, from a 
plagioclase-phyric mugearite intrusion (HD3). 
RJR-18-F: Drusy augite, also from the HD3 mugearite. 
RJR-12-0: Green salite xenocryst in hawaiite, from Roamane. 
n.d. = not determined. 
47.17 
31.18 
21.65 
In the calculation of components, K is added to Na, Ni and Mn to Fe2+, and Cr to AI. 
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Fig. 19. Electron microprobe analyses of clinopyroxenes, showing (a) coupled 
substitution for silica by Ti and Aliv, and (b) correlation between Cr and MG. High 
concentrations of Cr are only encountered in magnesian diopsides, and particularly in 
phenocryst (pheno.) cores. Late-stage miarolitic crystals and green salite xenocrysts 
are devoid of Cr, and are also low in Ti and AI. 
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Fig. 19, cont. (c) Na vs. MG in clinopyroxene, showing an inverse correlation for 
phenocrysts. Miarolitic crystals and green salite xenocrysts are strongly enriched in 
Na. (d) Zonation of Ti, Cr and Na in a clinopyroxene phenocryst from sample RJR-
21, plotted against MG. 
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Rare apple-green, satiric cores occur in some phenocrysts from the most mafic 
samples. These cores are characterized by unusually high Fe concentrations (e.g., 
Mgz7.9C34s.3Fez3.s), high NazO and MnO (up to 1.1 and 1.7 wt.% respectively), and 
Cr and Ni below detection limits (Table 2, analysis 6). Microprobe traverses across 
such crystals show additional depletions of TiOz and Al203 in the green cores relative 
to the overgrowths and to other associated phenocrysts. This zonation suggests that the 
cores are not cognate, nor restite from the source region of the magma, because on the 
one hand, Ni and Cr concentrations should be higher if they represent early comagmatic 
phenocrysts, and on the other hand, Alvi should be higher if they represent high-
pressure xenocrysts. However, the green cores are enriched in components (Na, Fe3+ 
and I:Fe) which are also characteristically high in the magmatic pyroxenes. These 
unusual features suggest a metamorphic or metasomatic origin (cf. analyses 23-25 in 
Table 17 of Deer et al., 1978) and they may therefore represent fragments of the magma 
conduits, perhaps metasomatized by fluids evolved from the melt itself or during a 
precursor metasomatic event (e.g., Lloyd and Bailey, 1975; see also Wilkinson, 1975; 
Wass, 1979; Dobosi, 1989). 
In summary, clinopyroxene compositions reflect fractionation of the magma, and 
vary from Cr-rich diopsides to Ti-rich salites. Extensive substitution by Tschermakitic 
components (Fe3+, Ti, Al, Na) is consistent with the mafic alkaline nature and high 
oxidation state of the magma. Early removal of Cr and Ni, and late enrichment in Na 
and Ti in residual melts, is suggested by individual phenocryst zonations and overall 
evolution of clinopyroxene compositions with fractionation. 
35.2. Hornblende 
Electron microprobe analyses of amphiboles have been recalculated using the 
programme RECAMP (Spear and Kimball, 1984) to give estimates ofFe3+JFe2+. This 
programme normalizes the data according to seven stoichiometric models by varying 
Fe3+JFe2+, and then tests the results for an acceptable fit to the molecular formula. 
More than one model may fit the data, and if so, a choice must be made as to the most 
appropriate recalculation, based on geological and other geochemical constraints. 
Again, this method is susceptible to analytical errors, but in the case of the Porgera 
amphiboles only one model (Si+Al+Ti+Fe3++Fe2++Mg+Mn = 13, on the basis of23 
oxygens) was acceptable for all analyses of unaltered grains, thus greatly simplifying 
the choice (this model is also the preferred recalculation of Leake, 1978). A second 
model (Si+Al+Ti+Fe3++Fe2++Mg+ Mn+Ca = 15) was also acceptable for some 
analyses, and in these cases the average Fe3+JFe2+ ratio between the two models has 
been used. High Fe3+JFe2+ ratios are indicated by this calculation for most analyses 
(averaging 0.7 ± 0.4 (la), n = 85; see Table 3), and these values are in agreement with 
the high, but more variable values calculated for clinopyroxenes (mode of 0.5 to 0.7) 
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and with whole-rock analyses (average= 0.8). The calculations are also confirmed by 
wet chemical analysis of one mineral separate, which indicated an Fe3+fFe2+ ratio of 
approximately 0.6; eleven recalculated microprobe analyses from this sample average 
0.6 ± 0.2 (lcr). On this basis, the majority of analyses classify as titanian magnesio-
hastingsites, with rare magnesian hastingsites in the most evolved intrusions (sensu 
Leake, 1978). Magnesio-hastingsites are common amphiboles in basaltic rocks, and 
are stabilized to high temperatures by high fo2 (e.g., up to 950°C on QFM, and up to 
1030°C on HM, with Pnuid = 600 bars; Semet and Ernst, 1981; Wones and Gilbert, 
1982). High levels of Cr (up to 1490 ppm) and high magnesium numbers (up to MG = 
79) in phenocryst cores from mafic intrusions (Table 3, analysis 1) are in accordance 
with clinopyroxene analyses, and suggest a primitive initial magma composition. 
Colour-zoning in hornblende phenocrysts is mainly due to changes in I:Fe and Ti 
contents, reflecting fluctuating physicochemical conditions in the parental magma 
chamber due to changes in fo2 and/or PH20 (Burnham, 1979). Light brown 
phenocryst cores have relatively low concentrations of these elements, but strong 
enrichments in Ti02 at high FeO* contents are seen in dark-brown oscillatory bands 
and sub-ophitic overgrowths. These enrichments may be accompanied by increases in 
F and Cl relative to the cores (up to 0.47, and 0.10 wt.% respectively), plus minor 
increases in Na20 and K20 (see Table 3, analyses 1 and 2). The dark-brown sub-
ophitic rims approach kaersutitic compositions (Ti-rich hornblende), and are similar to 
the compositions of ophitic and groundmass hornblendes (Table 3, analysis 3). Ah03 
and AI vi are lower in the rims than in the cores of zoned phenocrysts, which suggests 
that the cores may have crystallized at higher temperatures and moderate depths from 
undersaturated magmas. In contrast, the dark-brown, Fe-Ti-F-Cl-rich, Al-poor rims 
grew after emplacement at shallow levels and partial degassing of the magma. 
Magmatic devolatilization would result in a rise of solidus temperature, melt viscosity, 
and f~. and a change in the chemical stability of amphiboles (cf. Mason, 1978; Helz, 
1982). Late-stage saturation of the melt in Fe and Ti is also indicated by the occurrence 
of titaniferous magnetite inclusions in the sub-ophitic rims of some hornblende 
phenocrysts. Unfortunately, the aluminium geobarometer of Hammarstrom and Zen 
(1986) cannot be used to estimate the actual depths of hornblende crystallization in these 
rocks because primary quartz (used to control silica activity in this model) is not 
present. 
Analyses of rare, unaltered miarolitic hornblende are found to be little different from 
analyses of adjacent phenocrysts (as in the case of the miarolitic clinopyroxenes and 
plagioclases; see Sections 3.5.1 and 3.5.4). This observation suggests that the 
miarolitic minerals grew in equilibrium with a late magmatic volatile phase (i.e. they are 
not secondary minerals). Secondary amphiboles are widespread in altered rocks, but 
they are readily distinguished from unaltered primary amphiboles by their green colour 
Table 3. Amphibole Analyses. 
Analysis# 1 2 3 4 
Sample# RJR-53-I RJR-53-J RJR-21-D RJR-67-D 
Si{h 40.54 41.00 39.72 
TiD2 2.46 4.14 3.54 
Ah03 14.33 12.06 13.10 
Crz03 0.13 < 0.02 0.13 
FeO* 8.82 11.10 10.65 
MnO 0.10 0.29 0.15 
ZnO < 0.02 0.03 0.04 
MgO 15.70 14.00 14.55 
CaO 12.05 11.06 10.96 
BaO < 0.06 0.11 0.07 
NazO 2.68 2.99 2.99 
KzO 0.76 0.85 0.85 
F 0.09 0.26 0.15 
a 0.01 0.07 0.05 
Total 97.67 97.95 96.95 
Atomic proportions on the basis of 23 oxygens; Fe3+ calculated by the 
method of Spear and Kimball (1984): 
Si 5.873 6.007 5.880 
TI 0.268 0.456 0.394 
AI total 2.448 2.083 2.286 
AiiV 2.127 1.993 2.120 
AI vi 0.321 0.091 0.167 
Fe3+ 0.515 0.509 0.451 
Fe2+ 0.554 0.852 0.868 
Mn 0.012 0.036 0.019 
Mg 3.390 3.057 3.210 
Ca 1.871 1.736 1.739 
Na-M4 0.069 0.264 0.153 
Na-A 0.684 0.586 0.706 
K 0.140 0.159 0.161 
Fe3+JFe2+ 0.93 0.60 0.52 
MG = 100xMg/(Mg+l:Fe) . 76.0 69.2 70.9 
mg = 100xMg/(Mg+Fe2+) 86.0 78.2 78.7 
Notes to Table 3: 
RJR-53-I: Pale brown core of glomerophyric titanian-magnesio-hastingsite, 
from small hawaiite dyke. 
RJR-53-J: Dark brown, Ti-rich rim to RJR-53-I. 
RJR-21-D: Brown, ophitic titanian-magnesio-hastingsite, from large alkali 
gabbro intrusion (Rambari). 
RJR-67-D: Magnesian hastingsite core of zoned phenocryst, from evolved, 
plagioclase-rich mugearite intrusion at periphery of complex 
(Tawisakale ). 
39.53 
1.92 
13.58 
< 0.02 
14.18 
0.39 
< 0.02 
11.81 
12.16 
< 0.06 
2.56 
0.64 
0.13 
0.02 
96.92 
5.932 
0.217 
2.402 
2.068 
0.334 
0.482 
1.298 
0.050 
2.641 
1.955 
0.024 
0.721 
0.123 
0.37 
59.7 
67.1 
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and Ti-poor, magnesio-hastingsite and potassian magnesian hastingsite compositions. 
These compositional differences reflect iron-enrichment and introduction of potassium 
by sub-solidus hydrothermal fluids. Ti~ on the other hand, is relatively insoluble, and 
would not be expected to enter hydrothermally-deposited silicate phases under these 
conditions. 
In summary, unaltered amphiboles from the Porgera intrusions are rich in Fe3+, and 
classify as titanian magnesio-hastingsites. Euhedral phenocrysts appear to have largely 
crystallized prior to emplacement at high levels, but may display dark-brown sub-
ophitic overgrowths formed during in situ crystallization; ophitic hornblendes in larger 
intrusions appear to have grown by in situ recrystallization of phenocrysts. Ophitic and 
sub-ophitic grains show enrichments in halogens, 1:Fe and Ti, but lower Alvi, 
reflecting physicochemical changes in the magma, particularly devolatilization, 
following shallow-level emplacement 
3.5.3. Biotite (s.l.) 
Electron microprobe analyses of primary brown micas indicate compositions which 
straddle the biotite-phlogopite divide, and which fall roughly half-way between the 
endmember joins annite-phlogopite and siderophyllite-eastonite (Fig. 20); such 
compositions are typical of mafic intrusives (e.g., Deer et al., 1966). High 
concentrations of Ti, Mn, Ba, Na, K, and F (Table 4) reflect the occurrence of these 
micas as late-stage precipitates from residual melts, and extend enrichments of these 
elements seen in ophitic hornblende and clinopyroxene rims. No information is 
available on the oxidation state of iron in the micas, but it is likely to be quite high, in 
keeping with other ferromagnesian mineral compositions. 
3.5.4. Feldspar 
Few samples were found to contain completely unaltered plagioclase grains, and in 
particular, plagioclase in the feldspar porphyries is typically highly altered. However, 
sufficient data have been obtained to confirm the calcic nature of the primary phenocryst 
and groundmass feldspars inferred from optical properties. Some representative 
analyses are listed in Table 5. 
Groundmass plagioclases are typically labradorites, with the most calcic 
compositions (Anro. 70) occurring in alkali basalts and mafic hawaiites. Phenocrysts are 
typically both normally and oscillatory zoned, and range in composition from 
labradorite and rare bytownite (in cores), to andesine (rims; Table 5, analyses 1 and 2). 
The least evolved of these plagioclase-bearing rocks occasionally contain large 
crystals with distinct, unzoned, bytownitic cores (up to Ang9}. Zoned labradoritic 
overgrowths which enclose these calcic cores match the compositions of other 
phenocryst and matrix feldspars in the host rock, but highly calcic individual 
Table 4. Biotite/Phlogopite Analyses. 
Wt.% Oxide Atomic proportions (22 oxygens) 
Analysis# 1 2 1 2 
Sample# RJR-46-A RJR-21-A RJR-46-A RJR-21-A 
Si()z 36.13 36.63 Si 5.389 5.423 
Ti()z 3.77 2.70 Ti 0.423 0.300 
AIA 14.31 15.23 Al 2.515 2.658 
Cr20:3 0.03 0.09 Cr 0.004 0.010 
FeO* 14.41 11.50 Fe 1.797 1.424 
MnO 0.27 0.13 Mn 0.034 0.017 
ZnO < 0.02 0.04 Zn 0.000 0.004 
MgO 16.93 18.64 Mg 3.763 4.114 
CaO 0.02 < 0.01 Ca 0.003 0.000 
BaO 0.20 0.80 Ba 0.012 0.046 
Na20 1.08 0.76 Na 0.313 0.217 
K20 8.76 8.89 K 1.667 1.678 
F 0.26 0.14 F 0.121 0.065 
a 0.05 0.09 a 0.013 0.023 
Total 96.21 95.63 Total 16.052 15.979 
Notes to Table 4: 
RJR-46-A: Dark brown interstitial phlogopite from small, medium-grained hawaiite intrusion, 
Peruk area. 
RJR-21-A: Interstitial brown phlogopite from alkali gabbro cumulate, Rambari. 
Table 5. Feldspar Analyses. 
Analysis# 1 2 3 4 
Sample# RJR-48-E RJR-48-H RJR-62-D RJR-9-I 
SiOz 49.46 56.80 54.73 65.06 
TiQz 0.03 0.04 0.03 < 0.02 
Alz03 31.44 26.56 28.17 18.58 
FeO* 0.55 0.47 0.56 < 0.04 
MgO < 0.02 0.05 0.05 < 0.02 
CaO 15.03 8.95 10.76 < 0.02 
NazO 2.97 6.06 5.16 0.58 
KzO 0.11 0.39 0.22 16.21 
Total 99.59 99.33 99.67 100.42 
Atomic proportions on the basis of 32 oxygens: 
Si 9.093 10.280 9.922 11.974 
Ti 0.005 0.006 0.005 0.000 
AI 6.813 5.666 6.018 4.031 
Fe 0.085 0.071 0.085 0.000 
Mg 0.000 0.013 0.012 0.000 
Ca 2.960 1.736 2.090 0.000 
Na 1.057 2.128 1.815 0.207 
K 0.026 0.089 0.050 3.805 
Total 20.038 19.989 19.996 20.017 
K:Na:Ca percentages: 
K 0.64 2.25 1.26 94.84 
Na 26.15 53.83 45.89 5.16 
Ca 73.21 43.92 52.85 0.00 
Notes to Table 5: 
RJR-48-E: Bytownitic centre of a large zoned phenocryst, from HD3 
intrusion (mugearite). 
RJR-48-H: Andesine rim of the same phenocryst as RJR-48-E. 
RJR-62-D: Drusy labradorite, from a feldspar porphyry (mugearite) dyke. 
RJR-9-I: Secondary K-feldspar replacing drusy plagioclase, from HD3 
intrusion (mugearite). 
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phenocrysts similar to the core compositions have not been observed in the sample 
suite; this observation suggests that the cores may be pseudo-xenocrystic fragments, 
perhaps representing early cumulates from the parent magma chamber or from deeper 
levels (cf. the green cores in clinopyroxene phenocrysts). 
Miarolitic cavities are abundant in the coarser-grained rocks, and plagioclase laths 
commonly bound or project into these voids. Such miarolitic feldspars are generally 
highly altered, but unaltered crystals with labradoritic compositions matching those of 
phenocrysts in the host rock have been preserved in one sample (Table 5, analysis 3), 
indicating that these crystals grew, like the miarolitic pyroxenes and amphiboles, from a 
volatile phase which was initially in equilibrium with the magma. Many crystals have 
clear albitic rims (up to -AI)93), and these may either reflect changing composition of 
the volatile phase, or alteration and removal of Ca to form secondary carbonates and 
epidote. In some cases, magmatic plagioclase has been completely replaced by low-
temperature K-feldspar (up to -Or95; see Table 5, analysis 4), but this alteration 
probably occurred during post-magmatic hydrothermal activity. 
355. Magnetite-Series Spinels 
Magnetite (s.l.) is present in all samples studied, but varies greatly in composition. 
In alkali basalts, hawaiites and gabbroic cumulates, primary magnetites are preserved as 
microphenocrysts (a few hundred J.Lm in diameter) enclosed in silicate phenocrysts. 
They are typically chrome-rich (up to 37.8 wt.% ~03) and weakly titaniferous (down 
to 0.6 wt.% Ti~). with significant quantities of AI, V, Mn and Mg substituting for Fe 
(see Table 6, analysis 1); they may also contain up to 1,480 ppm Ni. Magnetites 
formed in later differentiates or in the groundmass, however, contain higher 
abundances of Ti02 (up to 7.4 wt.%) but minimal substitutions by other elements (Fig. 
21); Ni and Cr are at or below detection in such cases (Table 6, analysis 2). 
The continuous variation in spinel chemistry from Cr-Al-Mg-rich to Ti-rich 
magnetite reflects the fractionation history of the parental magma. High concentrations 
of Cr, AI, Fe3+, and Mg in the early precipitates suggest a primitive, alkaline character 
for the primary magma (Irvine, 1965), and the lack of any discontinuity in the trends of 
data shown in Figure 21 can be taken as an indication of crystallization at relatively high 
fo2 (Hill and Roeder, 1974). Cr-rich magnetite was probably coprecipitated with 
olivine, but this mineral has unfortunately not been preserved in the samples obtained 
from Porgera (except as pseudomorphs), which precludes attempts at more detailed 
calculations of crystallization conditions. 
Fractionation of Cr-rich magnetite appears to have effectively ceased prior to 
emplacement of the shallow-level stocks, as suggested by the generally low whole-rock 
Cr-values (except in cumulates) and the exclusive preservation of these Cr-rich minerals 
as small inclusions in the cores of silicate phenocrysts; only Cr-poor, titaniferous 
Table 6. Chromite/Magnetite Analyses. 
Wt.% Oxide Atomic propn. (4 oxygens, 3 cations) 
Analysis# 1 2 1 2 
Sample# RIR-44-G RIR-12-A RIR-44-G RJR-12-A 
SiD2 0.07 0.11 Si 0.002 0.004 
TID2 0.60 6.33 n 0.015 0.179 
Al20:3 19.72 1.47 AI 0.764 0.065 
V20:3 0.13 0.64 v 0.003 0.019 
Cr20:3 37.76 0.03 Cr 0.981 0.001 
FeO* 30.92 86.33 fe3+ 0.218 1.549 
MnO 0.67 0.17 Fe2+ 0.632 1.165 
NiO 0.08 0.04 Mn 0.019 0.005 
MgO 7.43 0.04 Ni 0.002 0.001 
Mg 0.364 0.003 
Total 97.38 95.44 
Notes to Table 6: 
RIR-44-G: Chromian magnetite microphenocryst enclosed within ophitic hornblende, 
from a small alkali gabbro intrusion near HD3. 
RJR-12-A: Titanian magnetite in matrix adjacent to brown, sub-ophitic hornblende, 
from a hawaiite intrusion (Roamane). 
Annite Siderophyllite 
1 ~----._ ____ ._ ____ ~----~----~ 
BIOTITES 
PHLOGOPITES 
0;-----~----~-----------------r 
Phlogopite Eastonite 
Fig. 20. Analyses of fresh biotite-phlogopite micas from the PIC; end-member 
components from Deer et al. (1966). 
Fig. 21. Analyses of magnetite-series spinels, illustrating the continuum of 
compositions between Cr-Al-rich, Ti-poor chromites from alkali basalts and gabbros, 
and Cr-Al-poor, Ti-rich magnetites from mugearites. Chromites were most commonly 
found as inclusions in early Cr-rich diopside phenocrysts. 
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magnetite was precipitated after emplacement. These observations suggest the possible 
existence of significant chromium and platinum-group element mineralization in 
cumulates in the buried parental intrusion, and may also explain the large magnetic 
anomaly associated with the intrusive complex. 
35.6. Apatite 
Electron microprobe analyses of apatites are listed in Table 7. High F/0 ratios (up 
to -4.5, atomic proportions) are found in phenocrysts from alkali basalts and hawaiites, 
and indicate classification as fluor-apatite (Deer et al., 1962). 
Apatite is abundant in almost all samples from Porgera, and is probably the major 
host for REE. High levels of La and Ce were detected by the microprobe (up to 2700 
ppm and 4600 ppm respectively), and the equivalent chondrite normalized values (7400 
[La] and 4900 [Ce]) are consistent with the light-REE-enriched whole-rock patterns. 
3.6. Magmatic Oxidation State, Volatiles, Residual Melts 
3 .6.1. Oxidation State 
Determinations ofFe3+JFe2+ ratios in whole-rocks and in mafic minerals, as well as 
the ubiquitous presence of magnetite as a phenocryst phase, strongly suggest that the 
Porgera intrusives crystallized under high f02 conditions. Secondary alteration does 
not appear to be responsible for the high whole-rock values, because Fe3+JFe2+ ratios 
do not increase with degree of alteration; if anything, they are reduced slightly, through 
pyritization of magnetite and mafic silicates (Fig. 22). 
High Fe3+ JFe2+ ratios are a characteristic feature of mafic alkaline rocks, and appear 
to reflect stabilization of Fe3+ in the magma and in the mantle source regions by 
volatiles, alkalis, and low silica activities (Boettcher and O'Neil, 1980; Sack et al., 
1980). 
It is difficult to quantify the oxidation state of the magma without knowledge of 
temperature and equilibrium assemblages during crystallization, but a minimum value of 
log f02 = -8.6 (at -1140°C) is suggested by the continuous variation of Cf203-content 
of spinels in the fractionation suite from 38 to 0.0 wt.% (Hill and Roeder, 1974). At 
lower oxygen fugacities in basaltic magmas, early precipitation of chromite is 
interrupted by the crystallization of Cr-rich clinopyroxene, until spinel reappears at 
lower temperatures in the form of titaniferous magnetite. 
Whole-rock Fe3+JFe2+ ratios appear to increase with degree of differentiation (Fig. 
22), although the Fe3+ content is high even in the least evolved samples. This effect is 
probably largely due to falling solidus temperatures with fractionation (Sack et al., 
1980), but ingestion of groundwaters by the magma during final solidification may also 
have resulted in some oxidation, although the stocks were intruded into a relatively 
reduced environment (carbonaceous sediments). On the other hand, magma-degassing, 
Table 7. Apatite Analyses. 
Wt% Oxide Atomic proportions (8 
oxygens) 
Analysis# 1 2 1 2 
Sample# RJR-12-A RJR-12-B RJR-12-A RJR-12-B 
P20s 37.84 37.77 p 1.857 1.839 
Th(h < 0.06 < 0.07 Th 0.000 0.000 
~03 0.10 0.37 Ce 0.002 0.008 
La203 < 0.03 0.17 La 0.000 0.004 
FeO* 0.05 0.13 Fe 0.002 0.006 
MnO 0.07 0.11 Mn 0.003 0.005 
MgO 0.05 0.11 Mg 0.004 0.009 
CaO 53.82 54.47 Ca 3.342 3.357 
SrO < 0.02 < 0.02 Sr 0.000 0.000 
Na20 0.05 0.12 Na 0.006 0.013 
F 1.71 1.90 F 0.313 0.346 
a 0.61 0.84 a 0.060 0.082 
Total 94.29 95.99 Total 5.589 5.669 
Notes to Table 7: 
RJR-12-A: Centre of large apatite phenocryst in hawaiite, Roamane intrusion. 
RJR-12-B: Edge of the same grain - ~ote large REE enrichment 
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Fig. 22. A plot of Fe3+JFe2+ vs. MG in whole-rock samples from the PIC. 
Relatively high oxidation states occur throughout the suite, with an apparent increase 
with differentiation. Minor secondary pyritization may account for the scatter to low 
Fe3+JFe2+ ratios in some samples. 
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which may cause extensive oxidation in H20-rich, Fe-poor magmas by dissociation of 
water and loss of hydrogen (Candela, 1986), is unlikely to have had any noticeable 
effect in these magmas due to their Fe-rich compositions. 
3.62. Composition of the Magmatic Volatile Phase and Residual Melts 
The occurrence of hornblende (and biotite/ph1ogopite) throughout much of the 
fractionation history of the Porgera complex requires a high concentration of H20 in the 
magma. For instance, Burnham (1979) suggests a minimum concentration of 3.0 wt% 
for the crystallization of near-solidus, interstitial hornblende from residual silicate melts 
at 1.2 kb. Furthermore, for the generation of euhedral phenocrysts, conditions nearer 
the liquidus are dictated, and higher concentrations in excess of 4 wt.% H20 are 
required. Because many of the hawaiites and mugearites from Porgera are characterized 
by large, euhedral hornblende phenocrysts, it is clear that amphibole was stabilized near 
the liquidus of the parental magma, and that H20 was therefore a significant primary 
magmatic component 
Textural evidence has been presented above for late-stage saturation of the magma 
with volatiles, and the generation of a separate volatile-phase. Saturation may have 
occurred as a result of depressurization of the melt during emplacement at high levels 
(forming vesicles), or simply due to concentration of volatiles in the residual melt 
during solidification (forming miarolitic cavities and pegmatites). 
Some conclusions may be drawn concerning the chemistry and evolution of this 
fluid from analyses of miarolitic and late, interstitial minerals. The volatile phase was 
probably dominated by H20, but some C~. H2S and S~ may also have been present. 
Halogens appear to have been an important minor component of the magma, as 
indicated by the compositions of fluor-apatites, and interstitial biotites and hornblendes, 
in which significant concentrations ofF and Cl were recorded. The fluid is therefore 
likely to have been chloride-rich, because chlorine (as HCl) preferentially partitions into 
the aqueous phase during separation from a silicate melt (Kilinc and Burnham, 1972; 
Burnham, 1979). Fluorine, however, is more readily accommodated in igneous 
minerals than chlorine, resulting in the effective removal of this component from the 
melt by crystallization, rather than by devolatilization. Indeed, the absence of fluorite 
from miarolitic cavities or secondary mineral assemblages at Porgera supports the 
suggestion that fluorine was not an important component of the volatile phase. 
Upon initial separation, the aqueous fluid would have been in chemical equilibrium 
with the magma, and early minerals forming in miarolitic cavities should have 
compositions identical to those forming from the residual melt; this situation was 
observed in the case of early miarolitic hornblendes, clinopyroxenes and some 
plagioclases. However, after separation, the chemistry of the fluid probably evolved 
independently from that of the magma, and this may explain the trends· of Na- and Mn-
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enrichment, and Ti-depletion, seen in zoned miarolitic clinopyroxenes. The sodic rims 
to miarolitic plagioclases may also reflect this evolution. In contrast, late-stage residual 
melts appear to have undergone Fe-, Ti- and alkali-enrichment, as shown by the 
compositions of interstitial amphiboles and micas (Tables 3 and 4 ), and the abundance 
of magnetite in the matrix. 
The magmatic fluid therefore appears to have rapidly evolved to a sodic (probably 
NaCl-rich) hydrous composition, and may have been moderately oxidized. By analogy 
to porphyry-type ore deposits, this fluid would have had the potential to carry base and 
perhaps precious metals, and may therefore have played an important role in 
metallogenesis (see Section 6.5). 
3. 7. Nd, Sr and Pb Isotopic Composition of the Porgera Intrusive 
Complex 
3.7.I. Methodology 
Nd and Sr isotopic compositions of nine of the least altered samples of the Porgera 
intrusives, and three samples of the local sedimentary rocks have been analyzed, and Pb 
isotopic compositions were determined for six of the intrusions, and eight sediment 
samples. In addition, three apatite mineral separates from unaltered intrusive rocks 
were analyzed for Nd and Sr. Details of experimental methods are given in Appendix 
2. Sample/blank ratios were greater than 1Q5 for Nd and Sr, and 1Q3 for Pb, and have 
been ignored. 
Nd, Sm, Sr, U and Pb were analyzed using a Finnigan MAT 261 mass 
spectrometer, operated in static multi-collector mode; Rb was analyzed using a Nuclide 
single-collector mass spectrometer. 
Sm, Nd, Rb, Sr: Samples were powdered in a tungsten-carbide mill, and 100 mg 
aliquots were dissolved in bombs at 200°C using HF and HN03. Mter conversion to 
chloride solutions, REE, Rb and Sr were separated using cation-exchange resins (3 g 
columns). Rb and Sr were purified on separate cation-exchange columns (2 g), and Sm 
and Nd were isolated using HDEHP columns. Sr was loaded on Ta single filaments in 
IN HCl followed by phosphoric acid, and Sm and Nd were loaded on Ta double 
filaments in a IN HN03/phosphoric acid mixture; aRe double filament was used to 
ionize the Nd. Rb was analyzed in chloride form on Re triple filaments. 
Pb: Hand specimens of intrusive and sedimentary rocks containing low-levels of 
Pb were coarsely broken with a hydraulic press in a clean environment, and chips from 
inside the sample were selected with plastic tweezers to avoid surficial contamination. 
Dissolutions were carried out in screw-cap teflon beakers using HF and HN03, 
followed by conversion to I.2N HBr solutions. The samples were then passed twice 
through anion exchange columns, and the purified Pb was loaded on Re filaments using 
silica gel and phosphoric acid 
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A mixed 207Pb, 204pb spike (206pbf204Pb = 0.236567, 207pbf204Pb = 8.714141, 
208pbf204Pb = 0.442966) was used to correct Pb isotopic ratios for fractionation during 
mass spectrometry. The double-spike was added to aliquots of the sample solutions, 
and spiked and unspiked isotopic compositions were determined. Because the vector of 
mass fractionation in 206pbf204Pb vs. 207pbf204Pb vs. 208pbf204Pb space is a function 
of the isotopic composition of the sample (mass fractionation slope is given by 
[OmJ/Om2 x R1IR2], where &n1 and &n2 represent the mass difference between isotope 
pairs plotted as ordinate and abscissa respectively, and R1 and R2 are the sample 
isotopic ratios; Hofmann, 1971; Hamelin et al., 1985), the measured ratios of the 
spiked and unspiked aliquots will be displaced from their actual compositions along 
lines of different slope (Fig. 23). However, the double-spike (ds), spiked mixture (m) 
and sample (s) compositions are colinear, and a plane may be constructed containing 
these points and the fractionated composition of the mixture (m/). The fractionation 
vector of the unspiked sample will not be-parallel to this plane, but will intersect it at s, 
the isotopic composition of the sample. A solution for the intersection of the plane ds-
m-mf-s and the vector s-sf has been obtained here by an iterative spike-unmixing 
calculation. 
This method was tested repeatedly using the NBS 981 common lead standard, and 
the results are shown in Figure 24. Average corrected values (12 analyses) obtained for 
the standard during this work are 206pbf204Pb = 16.9373 ± 0.0017, 207pbf204Pb = 
15.4920 ± 0.0022, and 208pbf204Pb = 36.7081 ± 0.0047 (compared with the certified 
values of 16.9371, 15.4913, and 36.7213 respectively; the certified value of the 
208pbf204Pb ratio may be an overestimate, however, and an average value of 36.7070 
has been obtained over a period of time at the ANU). In Figure 24b it can be seen that 
fractionation-related errors are effectively absent, but minor errors resulting from the 
relatively imprecise measurement of the small204pb peak remain. In fact, large 204pb 
errors may be amplified by the double-spike method, and so it is essential to obtain 
precise isotopic measurements for both the spiked and unspiked aliquots. Laboratory 
contamination can also result in serious errors if the two aliquots are differently affected 
because the assumption of colinearity between the double-spike, the mixture, and the 
sample is invalidated. To circumvent this possibility, the sample solution is aliquotted 
at the time of loading, and the double-spike is mixed with the sample on the filament. 
An additional source of error involves the sample/spike ratio (Hofmann, 1971). If 
insufficient double-spike is added, the mixture composition will lie too close to the 
sample composition, and the angle of intersection of the sample fractionation vector s-sf 
with the plane ds-m-mf will be very shallow, resulting in magnification of analytical 
errors. If, on the other hand, too much double-spike is added, the plane will be poorly 
defined nears, and analytical errors will again be magnified. Hamelin et al. (1985) 
have analyzed the propagation of errors in the double-spike method, ·and have shown 
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Fig. 23. Graphical representation of the 204Pb, 207pb double-spike method of mass 
fractionation correction for measured Pb isotopic ratios, after Hofmann (1971) and 
Hamelin et al. (1985). Abbreviations: ds =double spike, m =sample/spike mixture, 
mf = fractionated mixture (as measured), s = sample, sf= fractionated sample (as 
measured). The line s-.ifpierces the plane ds-m-mf-s at s, the sample composition; see 
text for discussion. 
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Fig. 24. Pb isotopic analyses of the NBS 981 common lead standard obtained 
during this work. In (a), analyses are shown both with and without correction for 
mass fractionation, to illustrate the improvement in precision afforded by use of the 
double spike technique. In (b), the corrected values are shown in detail; it can be seen 
that remaining errors are due to measurement of the small 204pb peak, and that mass 
fractionation errors have been effectively eliminated by use of the double-spike 
correction. 
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that if a 204Pbspi1cef204Pbsample ratio of -10 is obtained (using a double-spike with 
207pbj204pb = 10), significant improvements in precision and accuracy may be 
achieved over the conventional method of correcting for fractionation by comparison 
with standards (see Fig. 24a). At spike/sample ratios below 1 or above 100, however, 
the theoretical accuracy of the method rapidly deteriorates. In this study, 
204Pbspikef204Pbsample ratios of between 4 and 35 have been obtained for all reported 
analyses, but no significant differences were observed between a set of samples 
underspiked to a ratio of -Q.7 and repeat analyses spiked to a ratio of -5. 
3 .7.2. Results 
Isotopic results are listed in Tables A2.1 and A2.2. Nd and Sr data for samples 
from the PIC are illustrated in Figure 25, where it can be seen that the majority of 
analyses cluster at ENd= +6 and 87Srf86Sr = 0.7035, supporting geochemical and 
petrographic arguments for cogeneticity of the intrusions. However, sample RJR-53 
shows slightly lower Nd and higher Sr isotopic ratios compared with the rest of the 
suite, suggesting crustal contamination. This sample was obtained from a small mafic 
dyke which may have ingested wallrock fragments during emplacement. In addition, 
three mineral separates of apatite phenocrysts from samples in the main group of data 
extend the range to slightly higher ENd and lower 87Srf86Sr values (6.72 and 0.70342 
respectively; Table A2.1), suggesting that a minor amount of bulk contamination may 
have occurred in the magma chamber after crystallization of apatite phenocrysts, but the 
effect is almost within analytical error. Moreover, the isotopic compositions of the 
intrusive rocks contrast strongly with those of the host sediments at Porgera (e.g., ENd 
= -2.9 to -5.7, 87Srf86Sr = 0.7077 to 0.7153; see Fig. 35 below, and Table A2.1) but 
they contain similar concentrations of Nd and Sr, and so bulk crustal contamination 
could only have been a minor effect, and is negligible from the point of view of 
petrogenetic discussions. 
All of the Nd and Sr data in Figure 25 fall within the "mantle array", and overlap 
with the composition of prevalent mantle (PREMA) proposed by Zindler and Hart 
(1986). This correspondence reflects the recurrence of 143Ndf144Nd and 87Srf86Sr 
ratios of -Q.5130 and -Q.703 respectively in many intraplate volcanics from both the 
oceanic and continental environment, and in some oceanic island arcs (Zindler and Hart, 
1986). Also shown in Figure 25 are data from the New Britain and New Georgia arcs 
(DePaolo and Johnson, 1979; Staudigel et al., 1987) and from Plio-Pleistocene 
volcanics erupted in the PNG highlands (Hamilton et al., 1983). The Porgera samples 
overlap with the island arc data, but the highlands volcanics appear to have been derived 
from slightly less depleted sources. One sample of high-K transitional-alkali basalt 
from the highlands (Mt Suaru) does fall within the Porgera range, but geochemically 
this sample is unlike the PIC, and is characterized by a high La/Nb ratio ( -3.5, 
6 
5 
4 f,Nd 
3 
2 
39·5 
20Bpb 
39·0~ 
Pb 
38·5 
15·65 
207pb 
15·60 204"" 
Pb 
15·55 
e Porgera 
0 Plio-Pieist. volcanics 
• New Britain 
6 New Georgia 
Seds 
0 
206Pb/204pb 
18·5 19·0 19·5 
2osPb/2o4pb 
18·5 19·0 19·5 JPR 3/90 
Fig. 25. Nd, Sr and Pb isotopic compositions of the PIC, represented on ENd vs. 
87SrJ86Sr, 208pbj204pb vs. 206pbj204Pb, and 207pbj204pb vs. 206pbf204Pb diagrams. 
Also shown are data from the Plio-Pleistocene highlands volcanics and the New Britain 
and New Georgia arcs (DePaolo and Johnson, 1979; Hamilton et al., 1983; Staudigel et 
al., 1987), and fields for MORB and selected OIB (Zindler and Hart, 1986). As = 
Ascension, Az =Azores, G =Gough, H =Hawaii, NHRL =Northern Hemisphere 
Reference Line (Hart, 1984), R = Reunion, Seds =local sediments at Porgera, T = 
Tristan da Cunha. 
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compared with -0.6 for Porgera; Mackenzie and Johnson, 1984) indicating a 
relationship to arc magmas. This lack of correlation between chemical and isotopic 
compositions of the PIC and Plio-Pleistocene volcanics is illustrated in a MORB-
normalized element diagram (Fig. 26a) and also in a plot of ENd vs. La/Nb (Fig. 26b), 
and effectively precludes a simple relationship between these magma types (cf. Fitton et 
al., 1988). 
Pb isotopic data for the Porgera suite (Fig. 25) fall slightly above the Northern 
Hemisphere Reference Line (NHRL) of Hart (1984), but within the range of ocean 
island basalts (Offi), and with some overlap into the field of mid-ocean-ridge basalts 
(MORB); they are also similar to island arc volcanics from PNG and the Solomon 
Islands (Johnson et al., 1988). The short array formed by the data trends towards the 
field of local sedimentary rocks, and suggests that variable degrees of crustal 
contamination may have affected the Pb isotopic composition of the magma, particularly 
in samples RJR-44 and RJR-53 (see discussion in Section 6.3.3). An estimate for the 
composition of the parental magma is therefore given by the least contaminated sample, 
RJR-67: 206pbJ204Pb = 18.64, 207pbJ204Pb = 15.55, 208pbJ204Pb = 38.45. High 
concentrations of Pb (-25 ppm) in the sediments compared with the intrusives ( -5 ppm) 
would result in significant shifts in isotopic composition even for small degrees of 
contamination, whereas this effect is negligible for Sr and Nd isotopic ratios, because 
the intrusive rocks are enriched in both of these elements (see Tables A2.1, A2.2). 
Using the criteria of Hart ( 1984 ), the deviations from NHRL (~ 7/4 = 4.6 and ~8/4 
= 35.3) are consistent with the global distribution of isotopic compositions of Om, and 
reflect the close proximity of PNG to the southern hemisphere Dupal anomaly (Dupre 
and Allegre, 1983) 
The depleted isotopic compositions of the Porgera intrusions contrast with their 
incompatible element-enriched chemistry, and suggest that their upper mantle source 
region was metasomatically enriched only a short time prior to melting ( < 0.5 Ga; cf. 
Menzies and Murthy, 1980; Roden, 1987). This event may have been 
contemporaneous with melting if the metasomatizing agent introduced incompatible 
elements from a relatively enriched (and therefore isotopically more evolved) reservoir. 
3.8. Summary 
The PIC shows LREE and incompatible element enrichments similar to those of 
intraplate basalts. In terms of the TAS classification, the rocks may be described as a 
comagmatic alkali basalt/gabbro ~ hawaiite ~ mugearite fractionation suite. They 
contain abundant hornblende, magnetite and apatite phenocrysts (in addition to olivine, 
clinopyroxene and plagioclase), suggesting a high magmatic volatile-content and 
oxidation state. This observation is supported by high H20 and Fe203 contents in 
whole-rocks, high calculated Fe3+JFe2+ ratios in clinopyroxene ·and amphibole 
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Fig. 26. (a) Mantle-normalized major and trace element compositions and (b) ENd vs. 
La/Nb in samples of Plio-Pleistocene volcanics from the PNG highlands (Mackenzie 
and Johnson, 1984), compared with samples from the PIC. The contrast in chemical 
and isotopic compositions highlights the apparently unique geochemical character of the 
PIC among Late Tertiary igneous rocks from mainland PNG. 
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phenocrysts, and the continuum of spinel compositions from magnetite to chromite (up 
to 38 wt.% Cr203). An aqueous volatile phase was also evolved from the magma 
during near-surface emplacement and solidification. 
Trace element abundances and Nd, Sr and Pb isotopic compositions are consistent 
with derivation from a recently incompatible element-enriched garnet-lherzolite source 
in the upper mantle, but the Porgera intrusions appear to be unique both in space and 
time in PNG. They are geochemically and isotopically distinct from younger calc-
alkaline to K-rich alkaline volcanics in the highlands. The petrogenesis of the PIC is 
further discussed below (Section 5), in the light of geochronological and tectonic 
considerations. 
4. K-Ar and 40Arf39Ar GEOCHRONOLOGY OF THE 
PORGERA INTRUSIVE COMPLEX 
4.1. K-Ar Systematics 
4.1.1. Sampling 
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In order to obtain an accurate age for the Porgera Intrusive Complex, it was 
necessary to find specimens of the least altered material available, and careful sampling 
of drillcores and underground exposures enabled collection of 14 large (-5 kg) 
specimens of relatively unaltered rock, from several different intrusive bodies. 
Hornblende phenocrysts and oikocrysts, and (in some cases) interstitial biotite, were 
found to be preserved in these samples, despite variable degrees of groundmass 
alteration and partial chloritization of clinopyroxene and saussuritization of plagioclase 
phenocrysts. 
Hornblende and biotite were separated from 250-180 and 180-125 J.Lm sieve 
fractions of the crushed rocks by use of heavy liquids, isodynamic magnetic separation, 
and a dry micropanning technique (for biotites) which exploited the platy and 
electrostatic properties of micas to separate them from granular contaminants (see 
Appendix 3 for details). 
Hornblende separates were then handpicked to high purity, although composite. 
grains containing small amounts of other minerals (e.g., clinopyroxene, plagioclase) 
could not be completely removed. Biotite separates were also handpicked to eliminate 
remaining granular contaminants, but the biotite flakes often showed some marginal 
chloritization. Sufficient hornblende for analysis was obtained from twelve samples, 
and biotite from four; two of the samples yielded separates of both hornblende and 
biotite (88-2 and 88-20). 
4.12. K-Ar Methodology 
The mineral separates were carefully split, and small aliquots ( -o.1 g hornblende, 
-0.03 g biotite) were dissolved and analyzed in duplicate for potassium by flame 
photometry. Duplicate analyses agree to within 1% of the value in most cases (fable 
8), but a minimum coefficient of variation of 0.7% was used in age calculations, 
reflecting the long-term precision of potassium analyses. 
Larger aliquots of the samples (-1.0 g hornblende, -0.3 g biotite) were weighed 
into degassed Mo buckets, and Ar was extracted by fusion in vacuo using a radio 
frequency induction heater. Argon isotopic analyses were carried out using an AEI 
MS10 mass spectrometer operated in static mode, after spiking (with 38Ar) and 
purifying the gas with Cu and Ti getters. The technique has been described in detail by 
McDougall (1985) and McDougall and Harrison (1988). 
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4 .1.3. K -Ar Results 
Mass spectrometric results and calculated apparent ages of the samples are listed in 
Table 8; errors are reported as 2cr throughout the following discussions. Repeat argon 
extractions were carried out on three of the hornblende samples (88-17, 88-20, 88-21) 
and the results were found to be reproducible within the calculated analytical errors. 
It can be seen from Table 8 that hornblende apparent ages show a range from 
approximately 7 to 14 Ma; there is, however, a grouping of results at -7 Ma. In 
comparison, the four biotite samples yield essentially concordant ages with a mean of 
6.02 ± 0.29 Ma. These discordant results are unexpected because the stocks are 
comagmatic, and the relatively small size of the postulated parental intrusion suggests 
that they were emplaced over a very short time interval (probably < 1 Ma). Moreover, 
widely varying apparent ages for hornblendes have been obtained from different 
samples from the same intrusion (e.g., 88-13 and 88-15 from Rambari, and the four 
samples from Roamane), indicating that not all of these results can be geologically 
meaningful. 
Two explanations for the discordant ages were considered possible. First, that the 
spread of apparent ages of the hornblende samples might be due to a metamorphic 
overprint at -6 Ma which variably reset the K-Ar system of igneous rocks emplaced at 
~ 14 Ma. In this case, the concordant grouping of biotite ages at 6 Ma might reflect the 
greater susceptibility of this mineral to resetting, compared with amphiboles. The 
second possibility is that the discordant ages are due to the presence of variable amounts 
of excess 40Ar in hornblende, and that the apparent ages for this mineral are therefore 
too high. In this case, the biotite ages may approximate the true age of intrusion, 
because the order of magnitude higher K-concentration in biotite compared with 
amphibole would mask the effects of small quantities of excess 40 Ar ( cf. Gilbert and 
Foland, 1986; Landoll et al., 1989). 
The presence of excess 40 Ar in a mineral cannot be conclusively proven by 
conventional K-Ar dating techniques, but under favourable circumstances it is possible 
to resolve different Ar isotopic components (e.g., atmospheric Ar, in situ radiogenic 
40 Ar, and excess 40 Ar) by the 40 Arf39 Ar step-heating method (e.g., Harrison and 
McDougall, 1980; Heizler and Harrison, 1988). It may also be possible to distinguish 
between the effects of excess argon and metamorphic resetting of the K-Ar system. 
Therefore, to test the two hypotheses proposed above, six of the previously analyzed 
hornblende samples, with K-Ar apparent ages spanning the observed range, were 
selected for analysis by the 40Arf39 Ar method. 
Table 8. K/Ar data and apparent ages of hornblende and biotite from samples of least-
altered intrusive rocks from the Porgera Intrusive Complex. 
Sample Intrusion [K]l 40Ar* 40Ar•2 Age Excess 40 Ar1 
wt.% x1Q-12mol g-1 % Ma±2a xlQ-12 mol g-1 
88-2(Hbl) HD2 0.670, 0.670 8.89 39.1 7.63 ± 0.22 1.90 
88-3(Hbl) HD2 0.654, 0.663 8.42 27.3 7.35 ± 0.26 1.55 
88-8(Hbl) HD3 0.612, 0.610 7.29 31.0 6.87 ± 0.19 0.92 
88-lO(Hbl) Mise 0.610, 0.610 7.28 26.4 6.87 ± 0.20 0.92 
88-13(Hbl) Rambari 0.608, 0.611 13.11 21.6 12.36 ± 0.39 6.75 
88-15(Hbl) Rambari 0.740, 0.728 9.57 35.2 7.51 ± 0.27 1.92 
88-16(Hbl) Roamane 0.578, 0.571 - 11.15 24.8 11.15 ± 0.39 5.15 
88-17(Hbl) Roamane 0.543, 0.549 12.33 35.9 12.98 ± 0.42 6.63 
88-17(Hbl)dp Roamane 0.543, 0.549 12.29 33.1 12.93 ± 0.36 6.59 
88-18(Hbl) Roamane 0.552, 0.551 10.82 29.1 11.28 ± 0.33 5.06 
88-19(Hbl) Roamane 0.593, 0.592 14.59 36.6 14.14 ± 0.36 8.40 
88-20(Hbl) Peruk area 0.650, 0.655 7.76 34.5 6.85 ± 0.20 0.96 
88-20(Hbl)dp Peruk area 0.650, 0.655 7.83 35.0 6.91 ± 0.23 1.03 
88-21(Hbl) Peruk area 0.552, 0.548 7.35 35.3 7.69 ± 0.22 1.62 
88-21(Hbl)dp Peruk area 0.552, 0.548 7.21 28.3 7.54 ± 0.21 1.47 
88-21(Hbl)dp Peruk area 0.552~ 0.548 7.34 29.3 7.68 ± 0.21 1.61 
88-2(Biot) HD2 6.464, 6.551 69.92 75.8 6.18 ± 0.15 
88-5(Biot) HD3 6.559, 6.477 66.96 58.8 5.91 ± 0.16 
88-9(Biot) HD4 6.591, 6.596 69.94 69.5 6.11 ± 0.14 
88-20(Biot) Peruk area 6.456, 6.506 66.29 64.1 5.89 ± 0.19 
Notes to Table 8: 
1. Duplicate analyses. 
2. Radiogenic 40 Ar as percentage of total 40 Ar. 
3. Calculated assuming an age of 6.0 Ma. 
Abbreviations: Biot = biotite, dp = duplicate, Hbl = hornblende, Mise =miscellaneous 
small intrusion. 
~ + "A.'e = 0.581 x 10-10 a-1; 'A.~= 4.962 x 10-10 a-1; 40KJK = 1.167 x lQ-4 mol moi-l. 
4.2. 40 Arf39 Ar Systematics 
4.2.1. 40Arf39Ar Methodology 
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The methodology for neutron irradiation and gas extraction used here has been 
described previously by McDougall and Harrison (1988). Hornblende samples were 
packed in cylindrical aluminium canisters and a flux monitor (hornblende 77-600, age = 
414.1 ± 3.9 Ma; Harrison, 1981) was included with each sample, packed in a smaller 
canister of the same length and positioned axially within the sample canister. Three 
samples were stacked axially within a cylindrical aluminium reactor vessel, and 
cadmium shielding (0.2 mm-thick) was used to reduce the flux of slow neutrons 
experienced by the samples. The samples were irradiated for 80 hours in the X33 
position (adjacent to the core) of the Australian Atomic Energy Commission's HIFAR 
reactor, and the orientation of the reactor vessels was reversed after 40 hours to 
minimize flux gradients through the samples. A period of 80 hours was chosen as the 
best compromise between the need to generate sufficient 39 Ar from 39K, and the need 
to minimize interfering reactions such as 40Ca(n,na)36 Ar, 42Ca(n,a)39 Ar and 
40K(n,p )40 Ar. 
The samples were allowed to cool for about three months after irradiation, and were 
then wrapped in tin foil and loaded into a vacuum line attached to a double-vacuum 
resistance-heating furnace (see Staudacher et al., 1978; McDougall and Harrison, 
1988). Mter extraction and gettering, argon isotopic analyses were carried out on a VG 
Isotopes MM1200 mass spectrometer, operated in static mode, with data taken on-line 
using a HP1000 computer (McDougall, 1985). 
A small aliquot of each sample was fused in one step as a check against the 
conventional K-Ar age of the sample; in general, good agreement was found (compare 
Tables 8 and A3.1). The remaining material (-1 g) was then heated through a series of 
incremental steps, and the argon released at each step was analyzed. The results of each 
step were corrected for Ca-derived 36Ar and 39Ar, and K-derived 40Ar; no correction 
was made for chlorine-derived 36Ar, but the low concentrations of chlorine (S 0.1 
wt.%) in the samples, the precautions taken to exclude thermal neutrons during 
irradiation (by cadmium shielding), and the short amount of time between irradiation 
and analysis (half life for the decay of activated 36Cl to 36Ar is 3.0 x 105 years), mean 
that this interference is likely to be insignificant compared with other analytical errors 
(cf. Roddick, 1983). 
Line blanks were measured at different temperatures prior to the step heating 
experiments, and values were found to be in the range of 6 x 10-14 moles 40Ar at 
500°C, rising to 1 x lQ-13 moles at 1300°C. An attempt was made to correct the sample 
analyses for blanks, but because the actual blank concentration during each heating step 
is not known, it was necessary to use the values mentioned above and to assign 
relatively large uncertainties to the corrections (e.g., ± 25%). ·No significant 
38 
differences were seen between blank-corrected and uncorrected age calculations, except 
that the large uncertainty in the correction led to an overestimation of errors in several 
data correlations. It was therefore decided to report the data without correcting for 
blanks. 
4.2.2. 40Art39Ar Results 
Analytical data for the six irradiated samples are listed in Table A3.1. Apparent 
ages are calculated on the assumption that trapped argon (represented by 36Ar, after 
correction for neutron induced interferences) has an atmospheric 40Arf36Ar composition 
of 295.5. The resulting model ages are plotted as spectra in Figure 27, and it is 
immediately apparent that the samples are all discordant to some degree. It can also be 
seen that the degree of discordance increases with the apparent K-Ar age of the sample. 
The spectra form saddle-shaped patterns, with minima in the central part of the release, 
rising to older apparent ages in earlier and later steps. In some of the spectra, ages fall 
again in the highest temperature releases. The apparent ages of the earliest steps from 
several of the samples exceed 100 Ma, and are clearly geologically unreasonable. Such 
saddle-shaped spectra have been recognized as diagnostic of the presence of excess 
40Ar (e.g., Lanphere and Dalrymple, 1976; Harrison and McDougall, 1981; Zeitler and 
FitzGerald, 1986; Heizler and Harrison, 1988; McDougall and Harrison, 1988), and 
this interpretation would appear to fit these samples well. The metamorphic resetting 
hypothesis, on the other hand, is rejected, because none of the age spectra show typical 
argon-loss profiles. 
Lanphere and Dalrymple (1976) suggested that the apparent age minima in spectra 
from undisturbed samples containing excess 40 Ar will approach, but not necessarily 
reach, their true age, and that these spectral minima therefore represent maximum 
estimates of this age. It may be seen from Figure 27 and Table A3.1 that the spectral 
minima in samples with high conventional K-Ar apparent ages are higher than those 
from samples with low K-Ar apparent ages (e.g., 88-19, with K-Ar age -14 Ma, falls 
to only 8.7 Ma, whereas 88-8, with K-Ar age -7 Ma, reaches 5.9 Ma). This 
observation suggests that samples with the least amounts of excess 40 Ar yield 
40Aff39 Ar spectral minimum ages which most closely approach the true sample age, as 
would seem logical. 
Statistical analyses of the data from samples 88-8 and 88-15 define segments of the 
spectra which pass the Critical-Value Test of Mcintyre (1963) and Dalrymple and 
Lanphere (1969), and meet the criteria for a plateau of Fleck et al. (1977) except that 
they do not comprise more than 50% of the total 39 Ar release. Moreover, they are 
strictly speaking saddles, but the term "plateau" is retained here for clarity. The plateau 
segment from 88-8, consisting of steps 7-12, contains 48% of the release, and yields an 
age, calculated with weighting for the size of steps, of 5.96 ± 0.25 Ma. This age 
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Fig. 27. 40Arf39Ar apparent age spectra for hornblendes from the PIC, divided into 
slightly discordant (a) and highly discordant (b) groups on the basis of their 
conventional K-Ar apparent ages (Table 8). The spectra are distinctly saddle-shaped, 
and indicate that the discordance in conventional K-Ar apparent ages is due to the 
presence of excess 40Ar. A complete listing of data is given in Table A3.1. 
39 
agrees very closely with the mean biotite K-Ar age of 6.02 ± 0.29 Ma. A much shorter 
plateau-like segment from 88-15, comprising 29% of the 39Ar release (steps 7-10), 
yields an age of 6.43 ± 0.33 Ma, which should probably be interpreted as a maximum 
age for this sample, because individual steps are as young as 6.2 Ma. Thus it is 
concluded that the 40 Arf39 Ar ages of some of the homblendes from the PIC are 
concordant with the K-Ar age of biotites at 6.0 ± 0.3 Ma (2a), and that the older 
apparent ages of other samples are the result of the presence of excess 40 Ar. It is also 
noted that the agreement between ages of minerals with different closure temperatures 
for argon diffusion (biotite and hornblende) support field and petrological arguments 
for near-surface emplacement and rapid cooling of the PIC. 
42.3. Compositions ofTrapped and Radiogenic Argon 
The use of isotope correlation diagrams to identify the composition of various argon 
components in irradiated samples has been discussed by Lanphere and Dalrymple 
(1976), Roddick (1978), Heizler and Harrison (1988), Dalrymple et al. (1988), and 
McDougall and Harrison (1988), among others. Ideally, step-heating analyses of 
undisturbed samples containing only atmospheric and radiogenic argon will fall along 
straight mixing lines between these two components in a 36 Arf40 Ar vs. 39 Arf40 Ar 
isotope correlation diagram. If, however, an additional excess argon component is 
present in the sample, the data will scatter below this line, and may in favourable 
circumstances form a mixing line between the extraneous and radiogenic components. 
Data from four of the samples studied here are plotted on isotope correlation 
diagrams in Figure 28. Although the individual data sets taken as a whole do not form 
statistically significant lines, sequential steps forming variably correlated linear arrays 
may be arbitrarily selected. These sequences represent the minima of the age spectra, 
and it can be seen that a roughly correlated array is present even in 88-13, which 
contains appreciable excess 40 Ar. Like the criteria for recognition of plateaux in age 
spectra, there are no rigorous rules for selection of these data points other than that they 
should be sequential, but examination of their statistical fit to a line (e.g., MSWD) gives 
an indication of the significance of the correlation. Hence, least squares calculations 
(using the method of York, 1969) for these arrays are presented in Table 9. It is 
cautioned that these data have not been corrected for line blanks for the reasons noted 
above, but calculations performed on data corrected for estimated blanks yield axial 
intercepts which differ by ~ 1% of the uncorrected values. 
The ages defined by the intercepts with the 39 Arf40 Ar axis are remarkably 
concordant at -6.0 Ma (Table 9), and agree closely with the 40 Arf39 Ar plateau and 
biotite K-Ar ages. This observation suggests that the regressed data reflect simple 
mixtures between 6 Ma-old radiogenic argon and a second or hybrid component, whose 
composition (indicated by the intercept on the 36Arf40Ar axis) remained approximately 
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Fig. 28. 36 Arf40 Ar vs. 39 Arf40 Ar isotope correlation diagrams for the four 
hornblende samples listed in Table 9. Isotopic ratios are not corrected for atmospheric 
argon. Thick lines represent the locus of data expected for mixing between 
atmospheric argon (with a 36Aff40Ar ratio of 0.338 x lQ-2) and 6.0 Ma-old radiogenic 
argon (with 39 Arf40Ar ratio dependent on J), whereas thin lines represent linear 
regressions of selected data (filled symbols). 
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Table 9. Linear regressions of selected data from 36Arf40Ar vs. 39Arf40Ar 
isotope correlation diagrams (Fig. 28). 
Sample Regression MSWD 40 Arf36 Ar Intercept Age (Ma ± 2cr)l 
1. 88-8 Steps 7-12 0.94 286.7 ± 18.0 6.21 ± 0.50 
2. 88-8 Steps 13-18 0.60 310.8 ± 24.3 5.97 ± 0.47 
3. 88-8 Steps 7-18 4.62 290.0 ± 23.3 6.28 ± 0.63 
4. 88-13 Steps 6-11 4.50 370.4 ± 34.1 5.89 ± 1.12 
5. 88-15 Steps 6-13 4.59 330.5 ± 44.9 5.85 ± 0.79 
6. 88-15 Steps 1-13 (excl.5)2 3.29 323.7 ± 5.5 5.97 ± 0.19 
7. 88-21 Steps 6-11 4.15 323.3 ± 16.7 5.90 ± 0.43 
Notes to Table 9: 
1. With the exception of regressions 1 and 2, 2cr errors for apparent ages have 
been increased by a factor of VMSWD. 
2. Step 5 is anomalous, and falls well below the regression line; inclusion of this 
step in the calculation changes the apparent age by only 0.01 Ma (to 5.96 
Ma), but increases the error to ± 0.30 Ma and the MSWD to 7 .84. 
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constant during extraction of the selected steps. The 36 Arf40 Ar intercepts are variable 
but, with the exception of sample 88-8, they are generally lower than the value for 
atmospheric argon (0.338 x 10-2, or 40Arf36Ar = 295.5), and therefore indicate the 
presence of an excess 40 Ar component. As might be expected, sample 88-13, which 
has the highest conventional K-Ar apparent age of these four samples, shows the 
lowest intercept 36 Ar/40 Ar ratio (0.27 x 10-3, or 40 Arf36 Ar = 370 ± 34), thus 
supporting the conclusion that this sample is heavily contaminated with excess 40Ar. In 
contrast, regression of the plateau segment from sample 88-8 (steps 7-12) yields a 
36Arf40Ar intercept (40Arf36Ar = 287 ± 18) which is within error of the atmospheric 
value, and thus endorses the validity of the plateau model age. Minor contamination by 
excess 40 Ar of later steps (13-18) in this sample is suggested both by the steady rise of 
40Arf39 Ar apparent ages, and by a slightly lower 36Arf40Ar intercept in the isotope 
correlation diagram for these data (40Arf36Ar = 311 ± 24), although this value is still 
within error of the atmospheric ratio. 
Poorly correlated data from the early and late heating steps in these samples 
therefore appear to reflect variable degrees of mixing between two trapped components 
(atmospheric argon and excess argon of unknown but lower 36 Arf40 Ar ratio) and 6 Ma-
old radiogenic argon; the data scatter within a triangle formed by these three end-
members. However, during the middle part of the gas release the two trapped 
components appear to have mixed in roughly uniform proportions, and correlated data 
arrays are observed resulting from mixing between this hybrid but homogeneous gas, 
and radiogenic argon. 
42.4. Physical Location of Excess 40Ar in Hornblende 
Harrison and McDougall (1981), Zeitler and Fitz Gerald (1986), Heizler and 
Harrison (1988), and Harrison (1990) have addressed the question of the physical 
location of excess 40 Ar in minerals, and in particular have attempted to explain the 
characteristic saddle-shape ·of the age spectra. Harrison and McDougall (1981) 
suggested that 40 Ar trapped in anion vacancies might explain the rise of apparent ages in 
high temperature releases, because the diffusion rate of these vacancies at such 
temperatures is low compared to the rate of diffusion of 39 Ar from cation sites. The 
release of 38 Ar (produced by neutron activation of 37 Cl) was monitored in some 
samples, but attempts to correlate this component (as a tracer for anion site degassing) 
with the release of excess 40Ar proved inconclusive (cf. Turner, 1988). The location of 
excess argon released at high temperatures therefore remains uncertain, but it is 
presumably trapped within the lattice because of its continued release until final 
breakdown of the mineral. 
In contrast, early, low temperature release of excess 40 Ar reflects degassing of 
weakly-held argon, perhaps hosted by fluid or melt inclusions in die mineral (e.g., 
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Rama and Hart. 1965; Kyser and Rison, 1982; Andersen et al., 1984; Kelley et al., 
1986; Blanckenburg and Villa, 1988), or trapped in microfractures or defects in the 
crystal (i.e., as submicroscopic inclusions). Alternatively, argon may have diffused 
into the surface layers of crystals and cleavage domains after crystal growth (cf. 
Harrison and McDougall, 1980, 1981; Dallmeyer and Rivers, 1983; Wijbrans and 
McDougall, 1988). It is difficult to assess these possibilities, but the abundance of 
apparently primary fluid or melt inclusions in hornblendes from samples strongly 
contaminated with excess 40 Ar may provide support for the first suggestion (see 
below). The presence of excess argon in fluid inclusions could be tested by vacuum 
crushing. 
425. Petrographic and Mineralogical Indicators for Excess 40Ar 
Although excess 40Ar appears to be present to some extent in all of the homblendes 
studied here (and also apparently in the samples studied by Fleming et al., 1986), 
samples from the Roamane and Rambari intrusions are the most seriously affected 
(Table 8). This intrusion-specific distribution of excess 40 Ar suggests that its presence 
may reflect primary magmatic processes, whereas the lack of any obvious correlation 
with degree of propylitic alteration does not support models involving the introduction 
of this component through subsolidus hydrothermal fluids. In fact, in the case of the 
two samples from Rambari, altered greenish hornblendes from 88-15 contain less 
excess 40Ar than fresher brown hornblendes from 88-13, suggesting that subsolidus 
propylitic alteration and recrystallization may have purged trapped argon from 88-15 
rather than intrOduced it. Sericitic alteration associated·with gold mineralization, on the 
other hand, seems to have had the opposite effect (see Section 6.1). 
As discussed above (Section 3.4), primary magmatic hornblende occurs at Porgera 
in three different textural styles: (1) as unzoned or weakly zoned, pale brown, euhedral 
phenocrysts (often several millimetres long; Fig. 29a); (2) as strongly zoned 
(oscillatory, pale to dark brown) phenocrysts, with dark brown rims or subophitic 
overgrowths (Fig. 29b); and (3) as dark brown ophitic grains, several m.illimetres 
across, which may enclose plagioclase, clinopyroxene, olivine (pseudomorphs), 
magnetite, and apatite (Fig. 17e). Homblendes from the Roamane intrusion invariably 
fall into category 2, whereas samples from the other studied intrusions generally fall 
either into category 1 or 3. 
The overgrowths are enriched in Fe, Ti, F and Cl compared to the phenocryst 
cores, and also show weak enrichments in Na and K (Table 3, analyses 1 and 2); their 
compositions closely match the compositions of ophitic hornblendes from other 
intrusions (Table 3, analysis 3). On a plot of Ti~ vs. FeO*, analyses of cores and 
rims of Roamane hornblendes lie along two distinct trends (Fig. 30a), one of coupled 
Fe- and Ti-enrichment (cores), and a second of strong Ti-enrichment.and mild FeO*-
Fig. 29. Photomicrographs of hornblende textures from the Porgera Intrusive 
Complex, taken in plane-polarized light. Scale-bars= 0.5 mm, except in (d), where 
50 JJ.m. 
(a) Unzoned, euhedral hornblende phenocryst from hawaii tic dyke. Sample P136. 
(b) Strongly zoned hornblende phenocryst, with inclusion-rich core and sub-ophitic 
overgrowths, from the Roamane intrusion. Sample RJR-8. 
(c) Zoned hornblende phenocryst with pale-brown core crowded with small fluid or 
melt inclusions. Sample RJR-27. 
(d) Detail of fluid or melt inclusions shown in (c). Sample RJR-27. 
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Fig. 30. Plots of Ti02 vs. FeO* in amphiboles from Roamane (a) and other intrusions 
(b). Porphyritic and ophitic samples lie on two distinct trends in (b), but samples from 
Roamane contain zoned, subophitic phenocrysts, in which cores follow the trend (1) 
characterized by porphyritic samples, and the rims follow the ophitic trend 2. This 
observation suggests that the Roamane intrusion crystallized during a hiatus in magmatic 
evolution, perhaps related to a period of devolatilization. 
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depletion at high FeO* concentrations (rims). Analyses of hornblendes from innusions 
which do not contain significant excess 40Ar are plotted in Figure 30b; unlike the 
samples from Roamane, these homblendes fall either on the first or second trend, but 
not on both, depending on whether the sample is porphyritic or ophitic respectively. 
In addition to compositionally distinct overgrowths, some of the Roamane 
hornblende phenocrysts also display zones or cores of small ( < 1 to 10 J.UD), densely 
packed inclusions, which appear to be filled with glass, or in some cases perhaps fluid 
(Fig. 29c,d). These inclusion-rich zones and the dark brown overgrowths may reflect 
partial melting or back-reaction of the phenocrysts with the magma. It was suggested 
above (Section 3.5.2) that a sudden change in crystallization conditions during shallow-
level emplacement, particularly involving a drop in the volatile-content of the magma, 
could result in the observed zoning textures. Direct evidence for the separation of a 
magmatic volatile phase during crystallization of the Roamane innusion may be found 
in the widespread occurrence of miarolitic cavities and lenses of pegmatitic material in 
this body. 
Thus the key to the presence of excess 40 Ar in the Roamane amphiboles appears to 
be the evolution of a volatile phase during growth of the phenocrysts, and their 
preservation without complete breakdown or recrystallization. Argon dissolved in the 
magma would partition very strongly into the vapour phase, and so entrapment of even 
small amounts of this fluid as inclusions in the phenocrysts could represent a significant 
excess 40 Ar contamination. In addition, argon might be trapped in lattice vacancies 
during rapid growth of the phenocryst rims, or in melt inclusions formed by partial 
breakdown of the phenocryst cores. 
Vapour-saturation may have occurred during fractionation at depth in the parental 
magma chamber, as well as in the shallow-level apophyses. Such a process would 
strip the parental magma of dissolved argon, and later differentiates would be depleted 
in this component. The Roamane innusion is alkali-basaltic to hawaiitic in composition 
and strongly homblende-phyric; it thus holds an early to intermediate position in the 
magmatic evolution of the PIC, and appears to have been emplaced while excess 40Ar 
was still present in the magma. Similarly, mafic cumulates in the Rambari innusion 
crystallized under a high partial pressure of argon. In contrast, however, more evolved 
intrusions (e.g., HD2, HD3) do not contain significant amounts of excess 40Ar, and so 
appear to have crystallized from relatively argon-depleted magmas. 
4.3. Implications for K-Ar Dating of Epizonal Intrusions 
This study has clearly demonstrated the presence of excess 40 Ar in hornblende 
phenocrysts from near-surface (~ 2 km depth), mafic alkaline intrusions at Porgera. 
Similar results have been obtained from 40 Arf39 Ar studies of other alkaline innusive 
complexes in Quebec and Zimbabwe by Foland et al. (1986), Gilbert and Foland 
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(1986), and Landoll et al. (1989), and the last-mentioned authors have suggested that 
this might be a common phenomenon in epizonal plutons. They also concluded from 
petrographic evidence that excess 40 Ar was introduced by late-stage magmatic or 
subsolidus hydrothermal fluids which reacted with amphiboles. 
Evidence from Porgera is more conclusive in favour of the involvement of 
magmatic fluids, although the ultimate source of the excess 40 Ar is open to question. 
The argon could be of direct magmatic (i.e. mantle) origin, or it could have been 
derived from the wallrocks during ascent or pooling of the magma in the crust. 
However, evidence for a high volatile content in the primary magma, and the lack of 
evidence for an increase in excess 40 Ar-content with degree of differentiation (which 
might be expected if the argon was being continually introduced into the parental 
magma by wallrock degassing) suggest that the excess 40 Ar is a primary feature of the 
magma. Gilbert and Foland (1986) tentatively came to the same conclusion when 
assessing the source of argon in the Monteregian alkalic intrusions in Quebec, and cited 
examples from the literature of high Ar-contents and 40 Arf36 Ar ratios in modern basalts 
to support their argument. 
It is therefore suggested that rapid emplacement and cooling are important factors in 
the entrapment of extraneous argon in igneous minerals, because long cooling times or 
recharging of magma chambers would provide sufficient time for the loss of trapped 
argon by diffusion. The intrusions most vulnerable to the effects of excess 40 Ar are 
likely to be small, high-level (and hence rapidly cooled) stocks, derived from primitive 
magmas with a high inherent volatile content. . The presence of strongly zoned 
phenocrysts, miarolitic cavities and pegmatitic lenses are possible indicators of this 
condition (cf. McDougall, 1971), but vesicles suggest degassing prior to significant 
solidification, and so might be favourable signs for the integrity of the K-Ar system. 
4.4. Summary 
40 Arf39 Ar step heating studies of igneous hornblendes from the PIC indicate an 
emplacement age of 5.96 ± 0.26 Ma (2a), and suggest that excess 40Ar is responsible 
for highly discordant conventional K-Ar apparent ages from hornblendes of between 7 
and 14 Ma. The plateau age agrees closely with a mean conventional K-Ar age of 6.02 
± 0.29 Ma for four samples of biotite from the same intrusions, and suggests that the 
PIC cooled rapidly after near-surface emplacement. The combined age of 6.0 ± 0.3 Ma 
(2a) is younger than previously published K-Ar estimates (Fleming et al., 1986) which 
presumably also suffered from the presence of excess 40 Ar, and places the intrusive 
event in the latest Miocene. This timing immediately pre-dates uplift and foreland 
deformation associated with Pliocene continent/arc collision, and coincides with the 
elimination of a segment of the Solomon Sea plate by double-subduction (see 
discussion in Section 5). 
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Representation of the step heating data on isotope correlation diagrams (36Arf40Ar 
vs. 39 Arf40Ar) reveals linear sequences of data, mainly from the central parts of the gas 
releases, which define regression lines between 6 Ma-old radiogenic argon and 
extraneous components with 36 Arf40 Ar ratios less than the atmospheric value. This is 
taken as clear evidence for the presence of excess 40 Ar, and reaffirms the conclusion 
that saddle-shaped age spectra are diagnostic of this phenomenon. 
Significant quantities of excess 40 Ar are found in only two intrusions, at Rambari (a 
mafic homblende-ophitic cumulate) and at Roamane (homblende-phyric alkali basalt 
and hawaiite). The distinctive appearance of amphibole phenocrysts from the Roamane 
intrusion (strong oscillatory zoning, subophitic overgrowths, zones and cores f:Llled 
with fluid or melt inclusions) suggests that reaction between the phenocrysts and a 
magmatic volatile phase during emplacement and solidification of the stock was 
responsible for the incorporation of excess 40 Ar in this mineral. The occurrence of high 
partial pressures of argon during growth -of ophitic hornblende in mafic cumulates at 
Rambari may also be responsible for the presence of excess 40Ar in this intrusion. The 
lack of significant excess 40 Ar in more evolved intrusions suggests that argon was 
effectively degassed from the parental magma after emplacement of the Rambari and 
Roamane stocks, but the separation of other less volatile components such as H20 and 
C02 probably occurred repeatedly throughout the later evolution of the igneous 
complex. 
5. PETROGENESIS OF THE PORGERA INTRUSIVE 
COMPLEX 
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Salient features noted above which are relevant to discussion of the petrogenesis of 
the PIC include: 
1. The sodic alkaline, intraplate affinity of the intrusive suite. 
2. The volatile-rich (probably relatively high H20/C{h) and oxidized nature of the 
magma. 
3. The primitive Ni-Cr-rich, high-MG compositions of the most mafic intrusions 
and their phenocrysts, suggesting direct ascent from the mantle, with little crustal 
interaction. 
4. The lack of geochemical or isotopic evidence for significant bulk crustal 
contamination of the parental magma, suggesting rapid emplacement and cooling 
at shallow crustal levels. 
5. The depleted isotopic composition of the PIC, but incompatible element and 
LREE-enriched, HREE-depleted character of the magma, indicating derivation 
from a time-averaged depleted, but recently enriched garnet-lherzolite source. 
6. The small volume and apparently unique age and composition of the PIC in the 
PNG highlands, indicating that magm~enesis was probably not a large-scale 
event in the mantle. 
7. The Late Miocene age of the complex, indicating emplacement during a period of 
complex Tertiary terrane accretion along the northeastern continental margin of 
the Australasian plate, and more specifically: 
8. the 6.0 ± 0.3 Ma age of the PIC, indicating emplacement immediately prior to or 
during the onset of uplift in the continental foreland and the elimination of an 
oceanic segment of the Solomon Sea plate by double-sulxluction. 
Thus the Porgera intrusions appear to represent a brief pulse of mantle-derived 
intraplate magmatism during a gap between terrane accretion events, contemporaneous 
with double-subduction of an oceanic micro-plate segment 
The origin of intraplate alkali basalts is a highly controversial issue, and it is 
probable that no single source region or process exists. Nevertheless, it is possible to 
distinguish tectonically between alkali basalts associated with mantle hot-spot trails 
(e.g., Hawaii-Emperor, Cameroon line, Marshall-Cook), and more diffuse alkaline 
provinces related to lithospheric structures such as back-arc basins, and transform faults 
(e.g., Basin and Range, eastern Mexico, Aegean Sea, Japan Sea, Canadian Cordillera). 
The apparent tectonic control on the occurrence of this second group suggests 
derivation of melts from near the base of the lithosphere, in contrast with the deeper 
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mantle sources proposed for hot-spots (e.g., Morgan, 1971; Allegre et al., 1981; 
Hofmann and White, 1982; McKenzie and O'Nions, 1983; Fitton and Dunlop, 1985). 
The PIC does not appear to be related to a mantle hot-spot because no other rocks of 
this type and age are known in PNG, and the complex does not lie on an obvious linear 
trail of magmatic centres. Instead, the small volume and isolated spatial and temporal 
position of the complex suggests derivation by a localized melting process related to its 
complex plate tectonic setting. Small volumes of alkaline magma with intraplate 
character are found in many arc and back-arc settings, and are often emplaced during 
periods of change in tectonic configuration (e.g., Nelson and Carmichael, 1984; Eiche 
et al., 1987; Ormerod et al., 1988; Gill and Whelan, 1989; Reagan and Gill, 1989; 
Storey et al., 1989; Verma and Nelson, 1989; Briggs et al., 1990; Hole, 1990). Their 
origin has been variously explained in terms of melting of Offi-type material either in 
the mantle wedge, or in deep-mantle plumes. The PIC however is unusual in having a 
relatively high volatile content and oxidation state, suggesting that the source for these 
magmas had undergone metasomatism by H20-C{h-rich fluids (cf. Lloyd and Bailey, 
1975; Boettcher and O'Neil, 1980; Menzies and Murthy, 1980; Schneider and Eggler, 
1986; Roden, 1987; Spera, 1987; Wilkinson and Le Maitre, 1987). Moreover, the 
presence of a slab beneath the continental margin at 6 Ma would have blocked the ascent 
of plumes rising from deeper in the mantle. Hence the origin of the Porgera magmas 
must be restricted to processes occurring in the back-arc region of the mantle wedge. 
Johnson et al. (1978a) proposed a similar metasomatic model for the source of the 
Plio-Pleistocene volcanics in the PNG highlands, and suggested on the basis of a Rb/Sr 
pseudo-isochron (103 ± 78 Ma) that mantle metasomatism may have been related to 
Cretaceous subduction. However, the Cretaceous arc volcanics indicated by Johnson et 
al. ( 1978a) as evidence for this process occur in the terranes to the north of the Stolle-
Lagaip Fault Zone (Fig. 2), and were not accreted to the continental margin until the 
Middle Tertiary; therefore Cretaceous subduction beneath these terranes is not likely to 
have affected the sub-continental mantle in this area, which was probably some distance 
away at the time. Instead, the Rb/Sr data can perhaps more simply be interpreted as a 
mixing array between lower Rb/Sr, less radiogenic mantle-derived melts, and higher 
Rb/Sr, more radiogenic continental lithospheric melts. If this scenario is correct, it is 
possible that the primitive melts represent the products of later melting events in sub-
continental mantle affected by the same metasomatic processes which gave rise to the 
Late Miocene intrusions at Porgera. The lack of any correlation between the 
geochemistry and isotopic compositions of Porgera and the Plio-Pleistocene volcanics 
may simply reflect heterogeneities in the metasomatized mantle and/or continental 
lithosphere in this tectonically complex area. 
Ringwood (1990) has suggested that intraplate-type basalts found in or near active 
tectonic margins may be related to melting or dewatering of the subducted slab at depths 
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of between 150 and 300 km. At such depths, temperatures within the slab may reach 
-1000°C, and Ringwood suggests that residual Ti-bearing phases such as rutile which 
may be responsible for the characteristic Ti-Nb-Ta-depletions in arc magmas, will melt 
or dissolve, thus rendering these elements incompatible. Silicate melts or aqueous 
fluids derived from the slab at such depths would therefore be enriched in the full 
complement of incompatible elements characteristic of intraplate basalts, and interaction 
between these melts/fluids and garnet-lherzolite in the overlying mantle wedge would 
generate fertile sources for subsequent alkaline magmatism. Such a model could 
explain the observations of Nakamura et al. (1985) and De-Piper and Piper (1989) who 
found that the "arc-signature" of back-arc volcanics from the Japan Sea and Aegean Sea 
(respectively) decreased with distance from the trench. 
It is suggested here that a similar process could be responsible for the generation of 
small volumes of alkaline magma at Porgera, within a dominantly calc-alkaline 
province. The fact that a simple spatial, cOeval gradation from calc-alkaline to alkaline 
magmatism (as observed in the Japan Sea) is not observed in PNG may be due to the 
considerably more complicated tectonic history of this area. 
A cartoon depicting the probable plate configuration in PNG during the latest 
Miocene is shown in Figure 31. The ascent of small volumes of primitive alkali basalt 
to shallow crustal levels requires a tensile stress field in the continental lithosphere, and 
it is suggested that the unusual occurrence of double-subduction of a small oceanic plate 
segment might promote a brief period of stress relaxation within the forearcs, due to 
decoupling of the Australasian/Pacific plate convergence. The lack of ridge push, and 
the effects of slab pull acting on both limbs of the doubly-subducting Solomon Sea 
plate could result in subduction rollback and relaxation of compressive forces in the 
continental margin (cf. Dewey, 1988; Bott et al., 1989; Pavlis, 1989). This process 
might additionally cause asthenospheric upwelling in the back-arc region as the folded 
slab rolls back and sinks, providing the potential for magma generation. Melting of this 
asthenospheric material, perhaps modified by deep subduction zone processes (below 
-150 km), could generate small volumes of alkaline melts such as those observed at 
Porgera. 
Following continent/arc collision, renewed compression caused shortening and 
thickening in the foreland, and accelerated Pliocene uplift. Plio-Pleistocene calc-
alkaline to K-rich alkaline volcanics which were erupted in the highlands through this 
compressed lithosphere display less depleted isotopic signatures and more arc-like or 
crustal geochemistry compared with the PIC. These contrasts may either reflect 
interaction between asthenospheric melts and the lithosphere during slow ascent to the 
surface, or derivation from a heterogeneously subduction-modified upper mantle 
source. 
Bismarck Sea Plate ~ CA.1 ~-.'''····'.··.·'"""·~ ... 1 ... ·.· .. • ... ,.· I 1 
/B 
Solomon 
Sea Plate 
CJ. 
Tectonic Reconstruction at 6 Ma 
A 
Fig. 31. Cartoon map and cross-section of PNG at 6 Ma (following Ripper and 
McCue, 1983, and Cooper and Taylor, 1987). Arrows indicate relative plate motions; 
SLF = Stolle-Lagaip Fault. See text for discussion. 
48 
6. METALLOGENESIS OF THE PORGERA GOLD DEPOSIT 
In the above sections, the geology of the Porgera gold deposit and the Porgera 
Intrusive Complex have been discussed largely in isolation. This approach was partly 
deliberate in order to characterize separately these different geological systems, but it 
was also to some extent unavoidable, because tangible relationships between 
magmatism and mineralization (apart from the obvious first order spatial relationship) 
are few. For example, field mapping yields no direct evidence for a genetic relationship 
between the distribution of ore and igneous bodies (with the possible exception of the 
feldspar porphyry dykes), but instead indicates a strong structural control on 
mineralization. In addition, although petrographic evidence is seen for the evolution of 
a volatile phase from the crystallizing magma, the zonation of alteration and 
mineralization styles characteristic of other magmatic-hydrothermal systems such as 
porphyry copper deposits, is not found at Porgera. It has therefore been necessary to 
employ indirect techniques in order to assess the extent of the magmatic/metallogenic 
relationship. 
The results of K-Ar dating, alteration geochemistry, isotopic tracing, and noble 
metal distributions in the ore deposit are reported below, and their implications for 
metallogenesis are discussed. 
6.1. K-Ar Age of Gold Mineralization 
In contrast to the barren propylitic alteration which affects the entire igneous 
complex to some degree, gold mineralization at Porgera is associated with locally 
pervasive sericitic alteration and fault-related veining. In the large-tonnage, low-grade 
orebody at Waruwari (Fig. 5) auriferous pyrite is disseminated through intensely 
sericitized and carbonated igneous and sedimentary rocks, whereas in the later high-
grade ore associated with the Roamane Fault, the vanadium-mica roscoelite (Fig. 8g) is 
intimately intergrown with free gold and Au-Ag-tellurides in banded quartz veins and 
hydraulic breccias. 
Several samples of sericitized igneous rock and roscoelitic vein material were 
collected with a view to dating these K-rich alteration minerals by the K-Ar method. 
However, the very fme grain-size of the micas posed some special problems for mineral 
separation and argon extraction. Conventional separation techniques (sieving, heavy 
liquids, magnetic separation) yielded only composite grains of quartz-sericite and 
quartz-roscoelite from the smallest manageable size fractions (75-53 J.Lm), and low K-
concentrations and qualitative XRD analyses of the separates indicated that the level of 
dilution by quartz was in excess of 75% in some cases. Nevertheless, it was decided to 
analyze the purer separates for argon, in the expectation that the contaminant 
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hydrothermal quartz would not contribute any K or Ar to the samples, and would 
therefore not affect the age determinations. 
However, this was not the case, and with one exception (89-626), spurious ages in 
excess of 6 Ma were obtained (Table 10). Because these secondary minerals cannot be 
older than the 6 Ma-old igneous rocks which they crosscut and alter, the results again 
suggest the presence of excess 40 Ar in the mineral separates. The location of this 
component in the quartz contaminant was demonstrated by analysis of a quartz separate 
from sample 89-624 which yielded an apparent age of -33 Ma. The excess argon is 
probably hosted by fluid inclusions in the quartz, which are abundant in some samples 
(particularly the quartz-roscoelite veins; cf. Turner, 1988). 
Because no other secondary K-bearing minerals are associated with gold 
mineralization at Porgera, a second attempt to obtain pure sericite and roscoelite was 
made using three new samples (89-629, 89-630, 89-631), and remaining material from 
two of the previously studied samples (89-625, 89-627). After treatment with dilute 
acetic acid to remove carbonates, clays were separated from the< 38 IJlll-fraction of 
lightly-crushed samples by repeated suspension, settling and decantation in ethanol. By 
this method, clay minerals were effectively separated from fine-grained granular 
contaminants (e.g., quartz, feldspar, sulphides etc.) which tended to settle out of 
suspension more quickly than the flakey clay particles. The clays were typically 
submicron in size, but larger flakes with lengths of 1 or 2 1J.I11 were occasionally visible; 
these grain-sizes are similar to those observed in thin section, and suggest effective 
disaggregation but not comminution of the crystals. 
Potassium determinations on the clay separates indicate a much higher purity than 
had previously been obtained (Table 10), and XRD analyses confirm the presence of 
only minor quantities of quartz as the principal contaminant; however, traces of 
feldspar, anatase and apatite were observed in some separates. The low K-
concentrations ( -6 wt.%) of the illite separates are consistent with their dominantly 1 Md 
structure and poor crystallinity (see Section 3.4.4, and Deer et al., 1963; Hunziker et 
al., 1986) although minor dilution by contaminants may have lowered concentrations 
slightly from that of the pure mineral. 
In order to contain the powdery clays during evacuation and heating in the argon 
extraction line, -o.5 g of each sample was pressed into a small (1.2 em diameter) pellet 
using a steel die and hydraulic press (operated at about 15 MPa). These pellets were 
then weighed into degassed Mo buckets, and argon was extracted under vacuum as 
described above. 
The results of these analyses are listed in the lower part of Table 10, and show 
remarkable concordance when compared to the earlier results (upper part of Table 10). 
Moreover, the apparent ages of the new, purer mineral separates from samples 89-627 
and 89-625 are significantly younger than the ages previously obtained, and thus 
Table 10. K/Ar apparent ages of sericites and roscoelites from alteration zones associated with 
gold mineralization at Porgera. Results listed in the upper half of lhe table were 
obtained from mineral separates in lhe 75-53 Jlill size fraction, which mostly 
contained significant quartz as composite grains wilh mica; results in the lower half of 
the table were obtained from clay-sized separates (S 2 Jl.Ill) with minimal quartz 
contamination. 
Sample Intrusion [K]l 40~ 40Ar•2 Age 
WL% xlQ-11 mol g-1 % Ma±2a 
89-624(Ser) Vein WR,HD3 4.180, 4.193 6.144 83.0 8.44 ± 0.18 
89-626(Ser) HD2 5.730, 5.684 5.814 72.4 5.86 ± 0.13 
89-626(Ser)dp HD2 5.730, 5.684 5.819 86.8 5.87 ± 0.12 
89-627(Ser) HD4 2.700, 2.689 5.028 76.0 10.73 ± 0.23 
89-628(Rose) VeininHD3 2.362, 2.332 5.112 75.6 12.52 ± 0.62 
89-625(Rose) VeininHD3 2.394, 2.402 5.096 79.2 12.21 ± 0.28 
89-627 (2.Ser) HD4 5.592, 5.600 4.995 29.7 5.14 ± 0.13 
89-629(Ser) HD1 6.319, 6.325 6.731 68.5 6.13 ± 0.14 
89-630(Ser) Vein WR, Mise 6.927. 6.919 6.141 71.7 5.11 ± 0.11 
89-631(Ser) Vein WR, Mise 4.436, 4.405 4.510 13.1 5.87 ± 0.26 
89-631(Ser)dp Vein WR. Mise 4.436, 4.405 4.610 20.2 6.00 ± 0.20 
89-625(2.Rose) VeininHD3 6.143, 6.120 6.107 50.1 5.73 ± 0.13 
Notes to Table 10: 
1. Duplicate analyses. 
2. Radiogenic 40Ar as percentage of total 40Ar. 
Abbreviations: dp = duplicate, Mise = miscellaneous small intrusion, Rose = roscoelite, 
Ser = sericite, WR = wallrock. 
A.e + A.'e = 0.581 x 10-10 a·l; A.13 = 4.962 x 10-10 a·l; 40KJK = 1.167 x 10-4 mol moi-l. 
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provide strong support for the conclusion that excess argon in quartz was responsible 
for the high apparent ages of the earlier impure separates. The new ages of between 5.1 
and 6.1 Ma also agree with the age of sample 89-626, from which relatively pure illite 
had been obtained previously. However, before accepting these results as firm 
estimates of the age of gold mineralization at Porgera, it should be remembered that they 
are only apparent ages, and could either be minimum estimates (due to loss of 
radiogenic 40 Ar from the minute mica flakes) or maximum estimates (due to the 
persistent presence of excess 40Ar). 
If the apparent ages are minimum estimates, then they nevertheless tightly constrain 
the age of mineralization to between 5 and 6 Ma (because the orebody cannot be older 
than the 6 Ma-old host intrusives). Moreover, Bonhomme et al. (1983) have shown 
that at low temperatures, illites are retentive of radiogenic argon even in < 0.2 J.Lm size 
fractions, and so significant argon-loss can probably be ruled out for these samples. 
Alternatively, if the ages are maxima, then it is conceivable that the age difference 
between magmatism and mineralization is as much as 6 Ma (i.e. the ore is of Quaternary 
age). However, this seems geologically improbable, and would mean that the 
concordance of the results from the six purest samples was entirely fortuitous, and 
particularly so in view of the fact that two totally different minerals (illite and roscoelite) 
are included in this concordant group. It also seems unlikely that any excess 40 Ar-
containing fluid inclusions in quartz would have been preserved in these mineral 
separates, because the average grain size (S 2 J.Lm) is smaller than the observed fluid 
inclusions. Thus these results are accepted as indicating an age of between 5 and 6 Ma 
for gold mineralization at Porgera. 
It is tempting to try to interpret these data in more detail and to place geological 
meaning on the small range of ages obtained, but this seems unwise due to the 
impossibility of completely ruling out the presence of minor amounts of excess 40 Ar, or 
the loss of minor amounts of radiogenic 40 Ar from some of the samples. In this 
context, it is noted that the paragenetically latest sample (the roscoelite from 89-625) 
does not give the youngest age, but an age in the middle of the observed range (see 
Table 10). This result suggests that the apparent age range might have been broadened 
by effects other than a simple history of hydrothermal events spanning -1 Ma. 
Nevertheless, it is highly significant that the age of the high-grade roscoelitic gold-
veining is indistinguishable from that of sericitic alteration associated with the earlier 
lower-grade disseminated mineralization, and that both are within 1 Ma of the age of the 
intrusive complex. Such a short period is comparable to the time expected for cooling 
of a 5 km-wide mafic intrusion (< 0.5 Ma; cf. Cox et al., 1979), and is therefore 
supportive of a connection between the thermal life of the pluton and the duration of 
hydrothermal activity. In comparison, geothermal activity continues to the present day 
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in the 0.35 Ma-old, 4 x 6-km Luise caldera on Lihir Island, Papua New Guinea, which 
hosts the giant Ladolam gold deposit (Davies and Ballantyne, 1987). 
Because the roscoelitic veining is closely associated with the Roamane Fault, the 
timing of fault movement is also constrained by these results, and appears to 
immediately pre-date maximum uplift and deformation in the Papuan Fold Belt, which 
began in the Early Pliocene (cooling due to uplift is dated by apatite fission track 
analysis at -4 Ma; Hill and Gleadow, 1989). The east-northeast strike of the Roamane 
Fault (compared with the west-northwest strike of the fold-and-thrust belt) and its 
extensional character (Handley and Bradshaw, 1986) are consistent with this 
interpretation, and suggest that magmatism and mineralization occurred during a period 
of lithospheric tension, immediately prior to continent/arc collision in the Early 
Pliocene. 
Implications: The results presented above show that magmatism and mineralization 
at Porgera were essentially coeval, and -thus provide the first clear indication for a 
genetic relationship between these two processes. However, it is not possible from this 
information alone to specify the exact nature of the relationship. For example, the 
magmatic contribution to ore formation might have been restricted to the supply of heat 
only to power hydrothermal circulation, or magmatism might additionally have 
provided a primary source of gold and silver, either in the form of an enriched igneous 
protore which was subsequently leached, or via concentration in magmatic fluids. 
Geochemical and isotopic tracing studies have therefore been carried out in order to 
investigate further the source of gold in the orebody. 
6.2. Alteration Geochemistry 
Following the approach of Gresens (1967), XRF analyses have been obtained for 
pairs of altered and unaltered samples of igneous and sedimentary rocks from Porgera, 
in order to assess the flux of chemical components during ore formation (Table Al.l). 
The rock pairs have been carefully selected to ensure that observed differences are due 
to alteration effects only, and not due to differences in original composition. Attention 
has been focussed on the earlier, pervasive sericite-carbonate alteration associated with 
the disseminated type B and C ores, because the later D-type veining is not 
accompanied by extensive wallrock metasomatism. 
Gains and losses of chemical components during alteration are related to the original 
concentrations in the unaltered samples by assuming either volume-for-volume 
replacement, or the immobility of certain components. Because at Porgera there is 
considerable evidence for local volume changes in the orebody (vuggy veins and 
breccias are widespread), volume-for-volume alteration cannot be assumed, and so 
composition-volume diagrams have been used to identify elements which were 
immobile during alteration. The basic equation used for these calculations is: 
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in which g A and g B are the specific gravities of the unaltered (A) and altered (B) 
samples, c~ and c! are the respective concentrations of component n, and x11 the gain or 
loss of this component in weight percent;fv is the volume factor (Gresens, 1967). This 
equation may be simplified for the purposes of identifying immobile components by 
setting X11 = 0, giving: 
=fv 
Components which remained immobile during alteration will have similar values of 
fv at zero gain/loss, and this value may then be used to calculate the gains and losses of 
other more mobile components in the altered rock. 
In most of the examples given below, the choice of immobile elements is 
straightforward, because several components cluster at the same value of the volume 
factor (Fig. 32). However, in other examples (notably samples RJR-6/PJR-79), some 
ambiguity exists, and a choice must be made between the normally immobile high-field-
strength elements (HFSE; Th, ZI, Nb) or the major and rare-earth elements. In general, 
the immobility of the HFSE seems more likely, and the total destruction of all primary 
felsic and mafic silicate phases and their replacement by low-density phyllosilicates, 
quartz and carbonates may be taken as evidence for the potential mobility of the major 
rock-forming elements. Supporting evidence for the immobility of the HFSE, and in 
particular Nb, is found in the widespread occurrence of anatase as a trace phase in 
sericitized rocks (Fig. 7h). Electron microprobe analyses reveal high concentrations of 
Nb205 in this mineral (up to 4 wt.%), and suggest that Nb released from primary 
silicate and oxide phases during alteration was fixed in locally formed secondary 
anatase. However, this situation may not be the case adjacent to some large A-type 
veins, where an abundance of well-formed, blue, Nb-bearing anatase has been 
observed in the immediate wallrocks. In one case, grains of anatase (containing up to 2 
wt.% Nh20s) were also found within the vein itself, suggesting that Nb was in fact 
locally mobile in zones of very strong alteration and metasomatism. 
Three examples of altered intrusive rocks and one example of altered sediment from 
the orebody are shown in Figure 33, in which gains and losses in altered rocks are 
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Fig. 32. Values of the volume factor calculated for different elements at zero 
gain/loss, to test for inimobility. Measured densities of samples are: RJR-56 = 2.80, 
RJR-70 = 2.74, RJR-47 = 2.76, RJR-81 = 2.54, RJR-6 = 2.78, RJR-79 = 2.64, 
RJR-69 = 2.75, RJR-71 = 2.53 g/cm3. Groups of elements which cluster near the 
same value of the volume factor have probably remained immobile, and their 
concentrations may be used to calculate g~s and losses of other more mobile elements 
during alteration. In the above examples, the HFSE (Th, Zr, Nb) are generally 
immobile, but the distinct bimodal grouping between the these elements and other 
components for sample pair RJR-6 and RJR-79 may indicate HFSE-metasomatism in 
this case. 
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represented as percentages of the concentration in the unaltered equivalents; analyses are 
listed in Table Al.l. Common to both igneous and sedimentary rocks are enrichments 
in Mn, K, Rb, S and C02, and depletions in most other mobile components, reflecting 
the breakdown of primary silicates and their replacement by sericite, carbonates and 
sulphides. In the intrusive rocks (Figs. 33a to c), Fe3+, Na, Ba and Sr are strongly 
depleted, again reflecting pyritization of primary magnetite and Fe3+-rich silicates, and 
the breakdown of plagioclase to form sericite; the base metals are also generally 
depleted. The positive vanadium anomaly in Figure 33b is caused by the presence of 
numerous D-type hairline fractures in sample RJR-81, which contain roscoelite. 
The rare-earth elements do not appear to have been significantly mobile during 
alteration, as demonstrated by their coupled behaviour with HFSE in the feldspar 
porphyries (Fig. 33a). Moreover, chondrite-normalized REE patterns for the altered 
and unaltered samples are identical (Fig. 34, Table A1.2), and show no preferential 
mobility of the light- or heavy-REE which has been observed in some hydrothermal 
alteration systems (e.g., Taylor and Fryer, 1982, 1983; Campbell et al., 1984; Fryer 
and Taylor, 1984; Bence and Taylor, 1985; Maas et al., 1986; see also the results ofNd 
isotopic studies below). The general immobility of the REE may be explained by the 
persistence of apatite as a stable phase throughout sericite-carbonate alteration, because 
this mineral is the principal host for REE in these rocks. Rare-earth elements have been 
shown to be most soluble as halide (particularly fluoride) or carbonate complexes 
(Kosterin, 1959; Flynn and Burnham, 1977; Taylor and Fryer, 1982, 1983), and their 
apparent immobility in the hydrothermal system at Porgera may indicate that the fluids 
were not enriched significantly in these anionic components. However, in the example 
from the Roamane intrusion (Fig. 33c), P and the REE are depleted relative to the 
HFSE, suggesting that apatite may have been partially dissolved in this case. A similar 
result was obtained with a second sample pair from the same intrusion, so the effect 
does not appear to be due to sample mismatch. It is possible, however, that the REE 
have not been depleted, but that the HFSE have instead been metasomatically enriched 
as noted above, reflecting the very strong alteration of sample RJR-79. If this was the 
case, then the volume factor would be 1.0 and losses of the major elements and base 
metals would be smaller, but the overall pattern of metasomatism would remain 
unchanged. 
The alteration pattern shown by the sample of Chim Formation sediment in Figure 
33d differs from that of the intrusive rocks in that Fe3+, Mn, Ca, Ba and Pb are 
significantly enriched, but K and Rb show only slight gains relative to unaltered rocks. 
These effects are due in part to the contrasting chemistry of the sediments and intrusions 
(Table Al.l). For example, the unaltered sediments are highly reduced (carbonaceous) 
and most of the iron is present in the ferrous state, with the result that alteration has 
increased the Fe3+fFe2+ ratio. In contrast, this ratio is generally· reduced during 
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Fig. 33. Diagrams showing gains and losses of major and trace elements in various 
rock types during sericitic alteration associated with gold mineralization. Gains and 
losses are calculated relative to the concentration of each component in the unaltered 
rock, using the volume factors (VF) indicated in the top left-hand corner of each plot. 
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Fig. 34. CI Chondrite-normalized REE patterns for samples of altered and unaltered 
feldspar porphyry dykes (normalization values of Taylor and McLennan, 1985). The 
patterns are indistinguishable, suggesting that there has been little mobility of the REE 
during hydrothermal alteration associated with ore formation. 
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alteration of the more oxidized (magnetite-rich) intrusions. Similarly, Mn, Ca, Ba and 
Pb concentrations are much lower in the unaltered Chim Formation sediments than in 
the intrusions, and so the gains in these components may reflect a levelling of chemical 
gradients during alteration. However, the slight increases in K and Rb are 
superimposed on already high concentrations in the unaltered sediments, and it is 
possible that this metasomatism reflects a direct magmatic contribution to hydrothermal 
activity via an alkali-enriched fluid phase, by analogy with porphyry-type systems. 
Thus, it is concluded that alkalies, volatiles, gold, and silver were carried into the 
shallow-level depositional zones by fluids ascending from deeper levels in the crust, 
and that some of the introduced components may have had a magmatic origin. The 
source of the fluids and their solutes is further investigated below, using radiogenic 
isotopes and noble metal abundances as tracers. 
6.3. Nd, Sr and Pb Isotopic Tracing 
6.3.1. Methodology 
Nd, Sr and Pb isotopic compositions of mineralized rock samples were determined 
in the same way as unaltered samples (see above), but vein minerals did not require 
bomb dissolution. Carbonates and sulphates were dissolved or leached using 6N HCI, 
roscoelite was dissolved in warm HF and HN03, and galenas were dissolved in 6N 
HCI. Samples of gold and sulphides from D-type veins were lightly crushed in an 
agate mortar to -200 J.Lm, and then separated from gangue using heavy liquids, 
followed by ultrasonic cleaning in distilled acetone, distilled water, and then dilute HCI. 
Dissolutions were carried out in screw-cap teflon beakers using HN03 for sulphides, 
and aqua regia for gold. Lead from galena samples was analyzed with no further 
chemical purification, but anion-exchange columns were used to purify Pb from all 
other samples. 
6.3.2. Nd-Sr Isotope Systematics 
Analyses of unaltered intrusive rocks, local sediments, and mineralized samples 
from the Porgera gold deposit are shown in Figure 35, and the data are listed in Table 
A2.1. Strontium isotopic ratios have been corrected for the accumulation of radiogenic 
87Sr since 6 Ma, but changes in 143Ndfl44Nd ratios are negligible. 
A strong contrast in Nd and Sr isotopic composition is observed between the 
unaltered intrusive rocks and host sediments (Fig. 35a), and as discussed in Section 
3.7.2, there is little evidence for significant crustal contamination of the magmas (with 
the possible exception of sample RJR-53). 
Weak, pervasive propylitic alteration has affected all intrusions at Porgera to some 
extent, regardless of their proximity to the orebody, and appears to have been largely 
deuteric in origin. In samples referred to here as "unaltered", minor chloritization and 
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carbonation are found in the groundmass, but phenocrysts are generally fresh. Nd and 
Sr isotopic analyses of epidote mineral separates from three weakly altered samples are 
indistinguishable from unaltered rocks, and suggest that little or no metasomatism 
occurred during this background propylitization (Fig. 35b). However, in samples from 
the margins of some large intrusions or near to zones of barren carbonate veining, 
plagioclase has been completely replaced by epidote, sericite, calcite and dolomite, 
ferromagnesian silicates are chloritized, and alkali and alkali earth elements have been 
mobilized. Strontium isotopic compositions of three such samples show small 
displacements to the right of the field of unaltered samples (Fig. 35), but Nd 
compositions are unchanged. These results suggest that groundwaters carrying 
strontium of sedimentary origin may have been involved in propylitic alteration of the 
margins of the cooling intrusions or in zones of fracturing, but that el~sewhere, 
propylitization of the intrusive rocks was probably of deuteric origin and involved little 
or no isotopic exchange with the country rocks. 
In contrast, metasomatism and isotopic exchange are much more pronounced in 
samples of sericitized igneous rock from within the orebody. Here, the rocks show 
significant displacements towards more radiogenic Sr isotopic compositions, despite 
massive net losses of strontium (Table A2.1), but Nd isotopic compositions remain 
undisturbed. These observations are consistent with conclusions drawn earlier from 
analysis of composition-volume diagrams, and indicate relative immobility of REE even 
during the most intense sericitic alteration; the alkali and alkali earth elements, on the 
other hand, have been strongly mobilized. 
Sedimentary rocks are similarly affected, but in this case, Sr isotopic compositions 
are shifted to less radiogenic values, and in fact closely approach the values observed in 
the sericitized intrusive rocks ·(Fig. 35a). This observation suggests that the 
metasomatic fluid carried strontium with a relatively homogeneous isotopic composition 
of -o. 707, which largely replaced the original Sr in the igneous and sedimentary host 
rocks. Analyses of carbonates, sulphates and roscoelite from mineralized veins (Table 
A2.1 and Fig. 36) support this conclusion, and the tight clustering of values at 
87Srf86Sr = 0.70745 ± 0.00044 (n = 10) clearly demonstrates the isotopic homogeneity 
of the ore-forming fluid. The hydrothermal strontium appears to be of mixed 
sedimentary and igneous origin, but mixing must have occurred below the levels of 
current exposure, otherwise the isotopic composition of metasomatism would not have 
been so uniform, and would have been more strongly influenced by the host 
lithologies. It is also interesting to note that the isotopic composition of the ore fluids 
did not change significantly between deposition of A- and D-type veins, suggesting that 
there is no difference in the source of Sr in the fluids involved in these two stages of 
mineralization. 
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Fig. 35. Nd and Sr isotopic compositions of various potential source rocks and 
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mixing trends between igneous and sedimentary source rocks via hydrothermal fluids 
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mineralized rocks from Porgera, including samples of carbonates, sulphates and 
roscoelite from gold-bearing veins. Strontium in the orebody is isotopically 
homogeneous, and appears to have been derived from a mixture of sedimentary and 
igneous sources. 
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It is not possible from these data to identify the exact source of the sedimentary 
strontium in the ore-forming system, because both the Chim and underlying Om 
Formations have isotopic compositions which are more radiogenic than the orebody 
(Fig. 35a,b). However, Pb isotopic data, presented below, strongly suggest that the 
Om Formation was the dominant source of sedimentary Pb in the ore body. If this was 
also the case for strontium, then from simple mass-balance calculations (assuming 750 
ppm Sr in the intrusive rocks and 150 ppm Sr in the Om Formation) the relative 
proportions of igneous and sedimentary rock from which Sr was extracted are 
approximately 28% and 72%, respectively. If, on the other hand, Sr was also derived 
from the Chim Formation host rocks, then the proportion of igneous rock involved in 
Sr extraction would be even lower, and down to approximately 11% if the Om 
Formation sediments were completely uninvolved. 
6.3.3. Pb Isotope Systematics 
The Nd-Sr isotopic study presented above was limited in its usefulness by the fact 
that Nd has remained largely immobile during ore formation; the analysis was thus 
reduced to one dimension (Sr) instead of two (Nd, Sr). By comparison, lead is mobile 
under most hydrothermal conditions, and therefore the relative abundances of its one 
primordial and two radiogenic isotopes may be used to provide a coherent two 
dimensional system for isotopic tracing in ore deposits. Moreover, because Pb is a 
base metal, its behaviour under hydrothermal conditions more closely approximates that 
of gold than does Sr (or Nd), and so Pb is the best isotopic tracer for gold in lieu of a 
noble metal tracer (Re-Os may be useful in platinum-group element-enriched deposits). 
However, it is clearly recognized that any conclusions regarding the source of Pb 
cannot be assumed a priori to relate also to Au, and so caution must be exercised. 
Thus forewarned, the lead isotopic compositions of the intrusive rocks, the host 
sediments, mineralized intrusions and vein minerals (galena, other base metal-
sulphides, and gold) have been investigated, and the results are illustrated in Figure 37 
and listed in Table A2.2. 
Unlike the situation for Sr and Nd, the contrast in Pb isotopic compositions 
between the potential source rocks (igneous intrusions and sediments) is rather small. 
Consequently, it has been necessary to obtain analyses of the highest possible 
precision, and their accuracy has been checked by duplication of critical samples. For 
example, analyses of the two samples forming the ends of the range for galenas have 
been repeated with good reproducibility (± 0.01% ), indicating that the sloping trend of 
the data is not caused by error in measurement of the small 204pb peak, despite the fact 
that the 204Pb-error line is roughly parallel to this trend. In addition, the distribution of 
analyses of unaltered intrusive rocks has been replicated by four completely separate 
dissolutions and chemical separations. Although the exact compositions of each of 
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these analyses varied slightly (S: 0.05% ), the bulk of this variation is due to the fact that 
rock chips and not powders were analyzed (to minimize contamination during sample 
processing), and minor inhomogeneities in the samples have become visible. In order 
to reduce this effect, averages have been taken of the most precise analyses, and 
accuracy of the reported values is therefore estimated to be± 0.02%. 
The intrusive rocks form a steeply-dipping array of data in Figure 37 which projects 
towards the field of local sediments at Porgera. This observation suggests that the 
magmas were variably contaminated with crustal Pb during shallow-level emplacement, 
and it is noted that the two most mafic samples (RJR-44, an alkali gabbro, and RJR-53, 
an hawaiite dyke) are the most seriously affected, suggesting that the degree of 
contamination increased with the temperature of the melt (RJR-53 was also 
contaminated with crustal Sr and Nd). The high concentration of Pb in average upper 
continental crust (20 ppm; Taylor and McLennan, 1985) compared with the intrusions 
( -5 ppm) means that assimilation of relatively small amounts of crustal wallrock would 
have had a large effect on the Pb isotopic composition of the magmas, whereas this 
effect would have been less significant for Sr and Nd isotopic ratios because the 
intrusive rocks are enriched in both of these elements. 
Samples from the ore deposit, on the other hand, form a relatively short array in 
Figure 37 (average composition: 206pbf204pb = 18.671, 207pbf204pb = 15.603, 
208pbf204Pb = 38.687) which lies between the array of the intrusive rocks and analyses 
of the Jurassic Om Formation sediments, suggesting that the ore Pb was formed from a 
mixture of these two components. In contrast, ·samples of the Chim Formation (the 
host rocks of the shallow-level intrusions and the gold deposit) are more radiogenic, 
and do not appear to have been a significant source of Pb in the ore-forming system 
(but see below). 
These results provide the first clear evidence that the source of hydrothermal activity 
responsible for dissolution and transport of lead at Porgera, and by analogy also gold, 
lies below the current exposure level, and apparently within the underlying Om 
Formation sedimentary sequence. 
The tight grouping of analyses from the ore deposit reaffirms the conclusion drawn 
from Sr isotopes that the ore fluid was relatively homogeneous, and again, analyses of 
Pb in A-type veins (galenas) overlap with Pb in D-type veins (gold and sulphides), 
indicating that the Pb (and Sr) isotopic composition of the fluid did not change 
significantly with time. However, in detail, some minor spatial variations in isotopic 
composition are indicated by the galenas. These variations are significantly greater than 
those expected from analytical error ( < 0.01% for galenas) and, as noted above, 
replicate analyses confirm that the sloping trend is not an artifact. The slope in both 
Figures 37a and 37b is roughly half that of the trend shown by the intrusive rocks, and 
this relationship may therefore reflect mixing between relatively homogeneous Pb of 
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Fig. 37. Pb isotopic compositions of ore and potential source rocks at Porgera. 
Intrusive rocks have undergone variable degrees of crustal contamination during 
emplacement (thin arrows). Ore-Pb has been derived from a mixture of igneous and 
sedimentary Pb via hydrothermal activity (thin solid lines), and specifically appears to 
involve a plutonic body emplaced within the Om Formation sedimentary sequence. In 
model! (a), the small range of Pb isotopic compositions observed in the ore deposit is 
attributed to isotopic inhomogeneities in the igneous source rocks, whereas in model 2 
(b), the ore trend is attributed to exchange between a homogeneous ore fluid and the 
host sedimentary rocks (Chim Fm.) during ore deposition (thick arrow). 
Abbreviations: Dissem. =disseminated, Fm. =Formation; A, B, D refer to ore types 
(see Table 1). 
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sedimentary (Om Formation) origin, and Pb of variable isotopic composition from the 
igneous system (model 1, Fig. 37a). Alternatively, because the short galena trend 
projects towards the field of the Chim Formation host sediments, it is possible that 
limited mixing between Pb from these sediments and hydrothermal Pb (still dominantly 
of mixed Om Formation and igneous origin) occurred during shallow-level ore 
deposition (model2, Fig. 37b). 
The difference between these two models is insignificant from the point of view of 
metallogenesis, but affects the depth and time at which magmatic contamination is 
perceived to have taken place. For instance, model 1 requires that variable 
contamination occurred in the parental magma chamber prior to hydrothermal activity, 
and that Pb isotopic inhomogeneities in the pluton were then preserved in the orebody 
and also in the exposed stocks and dykes. Alternatively, in model 2, significant 
magmatic contamination occurred only during shallow-level emplacement of the 
apophyses, and did not affect the larger parental pluton; the igneous source of Pb in the 
orebody therefore remained isotopically homogeneous. This second model seems more 
probable because it does not require the preservation of small isotopic inhomogeneities 
during magmatic and hydrothermal processes, and is permissive of limited isotopic 
exchange between the ore fluids and the host rocks during ore formation. 
The relatively tight clustering of Pb isotopic compositions in the orebody suggest 
that mixing between igneous and sedimentary Pb in the deep ore-fluid occurred in 
roughly uniform proportions throughout metallogenesis, and simple mass-balance 
calculations using the main clusters of data for the intrusive rocks and the orebody 
indicate that the relative volumes of rock required for extraction of Pb to form the ore 
deposit are approximately 80% igneous and 20% sedimentary (assuming 5 ppm Pb in 
the intrusive rocks and 25 ppm Pb in the Om Formation sediments). This result 
contrasts with the estimate for Sr, which indicated a much larger involvement of the 
sedimentary rocks, and suggests that Sr and Pb may not have been mobilized by the 
same processes. The possibility that the igneous Pb component was introduced into the 
ore-forming system via metalliferous magmatic fluids is discussed in Section 6.5. 
6.4. Noble Metal Abundances 
Evidence has been provided for the derivation of mobile components in the ore-
forming system from a mixture of igneous and sedimentary sources, and Pb isotopic 
data suggest that the site of dissolution of these components may have been located 
within and around a plutonic body emplaced in the Jurassic Om Formation. Ore 
deposition, on the other hand, occurred at higher levels in the crust, and overprinted a 
suite of shallow-level stocks and their Cretaceous (Chim Formation) host rocks. 
Petrologic and geophysical evidence suggests that a large parental intrusion underlies 
the exposed intrusive complex, and it has been suggested above that this pluton was the 
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source of heat and possibly metals for the ore-forming fluids. Combining these lines of 
argument, it is proposed that the parental magma body was emplaced within the Om 
Formation and generated a convective hydrothermal system which transported gold and 
silver to higher crustal levels. The fluids probably utilized structural channels formed 
by the intrusion of apophyses above the pluton for their ascent. 
In order to address the question of the source of gold at Porgera, the abundances of 
gold and platinum-group elements (PGE) have been analyzed in samples of altered and 
unaltered intrusive rocks from the PIC, and Au abundances have also been analyzed in 
samples of the Chim and Om Formations. Gold and PGE analyses of igneous rocks 
were carried out at the Memorial University of Newfoundland by ICP-mass 
spectrometry, and Au in the sediments was analyzed at X-ray Assay Laboratories (Don 
Mills, Ontario) by fire assay and neutron activation. The results are listed in Table 11, 
along with ICP analyses of other selected elements. Analytical sensitivities for 
individual PGE and Au are controlled by the blank, an average of which has been 
subtracted from the listed analyses. Abundances of Os, Ir and Rh were consistently at 
the blank level, and so they have been excluded from Table 11; analytical problems 
prevented assessment ofRu concentrations, but they are also expected to be low. 
6.4.1. Unaltered Intrusive Rocks 
The abundances of Au, Pt and Pd are closely correlated in unaltered samples of the 
PIC (Fig. 38a), and Pt and Pd (and to a lesser extent Au) are also correlated with the 
logarithm of Cr and Ni concentrations (Fig. 38b ), suggesting that noble metal 
abundances are controlled by magmatic processes, and that secondary 
enrichment/depletion effects associated with the gold deposit are absent from these 
samples. 
Following the procedure of Barnes et al. (1988), Ni, Os, lr, Rh, Pt, Pd, Au and Cu 
abundances in the unaltered samples have been normalized to average mantle values, 
and are plotted in Figure 39. Note that the values indicated for Os, Ir and Rh are 
maxima as represented by the detection limits for these elements. 
The patterns shown in Figure 39 reveal strong fractionations of the PGE, resulting 
in high (Pt+Pd)/(Os+lr) and Au/(Pt+Pd) ratios. Nickel concentrations are also 
generally low, and reflect variable degrees of olivine fractionation. The correlation of 
Pt and Pd abundances with Cr (Fig. 38b) suggests that post-emplacive magmatic 
processes were responsible for the low overall abundances of noble metals in evolved 
rocks, perhaps through chromite or sulphide fractionation (e.g., Mitchell and Keays, 
1981; Oshin and Crocket, 1982; Campbell et al., 1983; Barnes et al., 1988; Naldrett 
and von Gruenewaldt, 1989), but this process does not appear to have caused the 
internal fractionation of the PGE because (Pt+Pd)/(Os+lr) ratios are high even in the 
Table 11. Noble metal and other element ablDldances in selected rocks from Porgera. 
Sample# Lithology Aul Ptl Pdl Au/(Pt+Pd) Mg Ni Cr v Cu K 
ppb ppb ppb m.n.2 wt.% ppm ppm ppm ppm wt.% 
UNiltered Intrusives 
RJR-19 HD4.M 3.39 0.45 0.29 23.5 1.68 6 6 217 110 1.14 
RJR-29 FP,M 8.98 1.34 1.22 21.3 2.97 45 162 193 66 1.89 
RJR-35 Misc.,H 1.46 1.10 0.93 3.5 4.83 96 357 260 69 0.92 
RJR-43 HD3.M 5.44 1.43 0.95 11.7 2.03 10 25 234 246 1.07 
RJR-48 HD3.M 2.98 0.29 0.36 14.3 1.82 6 5 229 74 1.09 
RJR-52 FP,M 8.30 2.03 1.57 9.3 7.61 269 795 241 95 1.23 
RJR-57 Misc.,H 9.48 1.73 1.51 17.1 4.14 81 273 244 83 1.19 
RJR-67 Tawisakale,M 1.07 0.21 0.31 11.5 1.85 7 22 197 80 1.06 
Altered Intrusives 
RJR-78 Ser .• Roamane,H 65.23 1.00 0.51 229.9 1.60 12 23 174 137 2.91 
RJR-82 Ser .• FP.M 207.63 0.97 1.16 454.8 2.27 21 96 179 75 3.15 
RJR-40 Misc,BJ 10.76 2.33 2.09 11.86 5.65 165 547 233 89 1.11 
PS94 Rambari,Q3 32.73 1.90 1.34 51.13 6.27 210 534 222 85 1.26 
PS128 Rambari,oJ 13.98 1.56 1.51 21.93 3.61 59 183 258 112 1.04 
RJR-2 Prop .• Roamane,B 3.40 2.72 2.48 3.18 4.28 86 331 227 88 1.19 
PS147 Prop.,Roamane,H 1.84 1.69 1.82 2.48 3.11 24 52 287 87 0.83 
SedimenJs 
RJR-68 ChimFm.4 26 
RJR-69 ChimFm.4 14 
RJR-75 Pyritic Chim Fm. 4 130 
P139 ChimFm.s 8 
P144(2) Omfm.S 10 
Notes to Table 11: 
1. Average blank removed: Au= 0.37, Pt = 0.18, Pd = 0.16, Rh = 0.04, Re = 0.02, Os 
= 0.04, Ir = 0.03 ppb. 
2. Mantle normalized., using values of Barnes et al. (1988): Ni = 2000, Os = 4.2. Ir = 
4.4, Rh = 1.6, Pt = 8.3, Pd = 4.4. Au = 1.2. Cu = 28. 
3. Samples are weakly sericitized. 
4. Samples collected from within mine workings. 
5. Samples collected well away from the mine. 
Abbreviations: B = allcali basalt, Fm. =Formation. FP =feldspar potphyry, G = allcali 
gabbro, H = hawaiite, M =mugearite, Misc. =miscellaneous small intrusion. m.n. = 
mantle normalized, Prop. = propylitically altered, Ser. = sericitically altered. 
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Fig. 38. Covariations of Pt and Pd with (a) Au and (b) the logarithm of Cr in 
unaltered samples from the PIC, suggesting that the abundances of noble metals in 
these samples is controlled by magmatic fractionation processes, and that gold 
concentrations have not been significantly affected by sub-solidus hydrothermal 
activity related to ore formation. 
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Fig. 39. Abundances of PGE, Au, Ni, and Cu in unaltered samples from the PIC, 
normalized to mantle values (Barnes et al., 1988). Note that concentrations of Os, Ir, 
and Rh are at or below detection in these samples, and that the plotted values are maxima 
as represented by average blanks. Nickel concentrations are largely controlled by olivine 
fractionation, and appear to be unrelated to precious metal behaviour. Net abundances of 
the PGE and Au are controlled by shallow-level fractionation processes, but the strong 
inter-element fractionations appear to reflect deeper-level fractionation or partial melting 
processes in the mantle (see Section 6.4.1 for discussion). Abbreviations: FP = 
mugearitic feldspar porphyry, H =hawaiite, M =mugearite. 
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least evolved samples (e.g., ~ 46 in sample RJR-57). This characteristic therefore 
appears to be a feature of the parental magma at Porgera. 
Fractionation of the PGE may mave occurred during ascent of the magma to crustal 
levels, but the primitive compositions of the least evolved samples suggest that little 
high-pressure fractionation occurred prior to emplacement. Alternatively, the POE-
depleted nature of these rocks may be a primary feature of the magma. Amosse et al. 
(1990; see also von Gruenewaldt et al., 1989) have shown that high f02 conditions may 
reduce the solubility of the POE, and in particular the lr-group (Os, lr, Ru), in basaltic 
melts, and several workers (some are listed above) have observed that chromite 
precipitation is associated with depletions of Os, lr and Ru relative to Pt and Pd. It is 
thus suggested that the high oxidation state of the parental magma at Porgera (as 
indicated by high Fe3+JFe2+ ratios in whole-rocks and clinopyroxene and hornblende 
phenocrysts, and the abundance of chromite/magnetite microphenocrysts) resulted in 
low solubilities of the lr-group elements relative to Pt, Pd and Au. 
Of the samples from the PIC analyzed in this study, the two feldspar porphyry 
dykes are among the most enriched in gold These dykes are somewhat unusual in that 
they are characterized by evolved mugearitic compositions and appear to be the latest 
intrusive rocks in the PIC, but they contain relatively high levels of compatible elements 
such as Ni, Cr and Mg (see Sections 3.2.4 and 3.4.1, and Table Al.1). They also 
display abundant evidence for magma mixing, and thus appear to have been derived by 
late-stage interaction between strongly plagioclase-phyric residual melts and pulses of 
more primitive, aphyric magma. The spatial relationship between these relatively gold-
rich dykes and zones of high-grade gold mineralization has been noted earlier, and it is 
therefore speculated that both the dykes and hydrothermal activity may be products of 
the same late-stage processes occurring at depth within the parental magma chamber, 
and that their emplacement was controlled by the same, late structural features. 
6.4.2. The Ore Deposit 
Noble metal abundances have been measured in samples of intrusive rocks from 
within the ore deposit (Table 11 ), and a plot of Au vs. Pt and Pd concentrations in these 
and the unaltered rocks is shown in Figure 40a. No correlation is observed between Au 
and the POE in altered samples, indicating that the POE have not been enriched with Au 
in the ore deposit. Gold abundances, however, show a rough correlation with 
potassium (Fig. 40b), thus confmning the relationship noted earlier between K-
metasomatism and gold mineralization. 
6.4.3. Sedimentary Rocks 
Analyses of Au have also been obtained from samples of the local sediments at 
Porgera, in order to assess their potential as source rocks (Table 11). As might be 
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Fig. 40. Abundances of gold, Pt, Pd, and Kin mineralized and unaltered igneous 
rocks from Porgera. The PGE show no enrichment in Au-rich samples (a), whereas in 
(b) potassium is correlated with high Au concentrations, confirming conclusions 
drawn in Section 6.2. 
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expected, samples of the Chim Formation siltstones obtained from within the mine 
workings (most of which are pyritized) show elevated gold concentrations (e.g., RJR-
68 and RJR-75). However, the two samples of carbonaceous siltstones from the Chim 
and Om Formations obtained away from the mine (P139 and P144[2]), although 
slightly enriched over average crustal abundances (-3 ppb; Taylor and McLennan, 
1985), are not significantly enriched relative to the intrusive rocks. These results do not 
therefore support the hypothesis that sediments were the exclusive source of gold in the 
ore deposit (cf. Titley, 1978, 1989; Sillitoe, 1979, 1989; Ahmad et al., 1987a,b). 
6.5. Discussion 
Superficially, Porgera would appear to be an obvious example of a magmatic 
hydrothermal gold deposit, similar to several other Late Tertiary and Quaternary 
occurrences in PNG and the Solomon Islands (e.g., Bougainville, Frieda River, 
Koloula, Ladolam, Ok Tedi, Yandera; Bamford, 1972; Page and McDougall, 1972; 
Grant and Nielsen, 1975; Hall and Simpson, 1975; Chivas, 1978; Davies et al., 1978; 
Eastoe, 1978, 1982; Titley, 1978; Titley et al., 1978; Sillitoe, 1979; Asami and Britten, 
1980; Whalen et al., 1982; Davies and Ballantyne, 1987). However, in detail this 
relationship is not so clear, because although the mineralized zones at Porgera share a 
first order spatial association with stocks and dykes of the PIC, the characteristic 
alteration and mineralization zoning patterns centered on specific intrusive bodies in 
porphyry-type deposits (Lowell and Guilbert, 1970; Hollister, 1975), are not visible 
here. Even if such a relationship had been seen, the source of gold in the deposit might 
still be in contention as was the source of copper in porphyry ores for many years. For 
this reason a number of different isotopic and geochemical tracing techiques have been 
employed to constrain the source of gold at Porgera. 
It has been shown by Pb isotope studies that the main zone of hydrothermal 
circulation was within the Jurassic Om Formation carbonaceous siltstones, which 
underlie the Cretaceous Chim Formation host rocks to the gold deposit. Gold has thus 
been transported upwards from this source region into depositional zones within the 
Chim Formation. 
Evidence (petrological, geochemical, and geophysical) has been presented for the 
presence of a large (-5 km wide?) parental pluton beneath the shallow-level stocks of 
the PIC, and Pb and Sr isotopic data suggest that this pluton was involved in ore 
formation, either as an active contributor of magmatic fluids, heat, and possibly metals, 
or as a passive source for hydrothermal leaching of Pb and Sr, and perhaps Au (cf. 
Keays, 1987). Thus the porphyry analogy may be extended by suggesting that the 
classic alteration and base metal mineralization zones do indeed exist, but that they are 
currently unexposed, and centered on a gabbroic pluton located within the Om 
Formation. The observed mineralization at Porgera thus represents a hypogene gold 
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cap at the highest stratigraphic (and lowest temperature) end of the hydrothermal 
convection cell (cf. Titley, 1978; Mutschler et al., 1984; Sillitoe and Bonham, 1984; 
Werle et al., 1984). 
Geochemical studies of alteration associated with gold deposition at Porgera have 
shown that K, Rb, Mn, C02 and S were metasomatically enriched in the zones of 
disseminated and stockwork (types B and C) mineralization. In addition, the ore fluids 
carried Pb and Sr of a relatively homogeneous, mixed sedimentary and igneous origin, 
which largely replaced the original Pb and Sr in the host intrusions and sediments. 
Rough calculations show that the volumes of igneous rock required to supply the Pb 
and Sr in the orebody are approximately 80% and 28% respectively (assuming that the 
Om Formation sediments were the source of the remaining Pb and Sr). The 
sedimentary country rocks therefore appear to have played an important, but not 
dominant, role in controlling the chemistry of the ore fluids. In particular, their reduced 
(carbonaceous), sufide-rich (pyritic) nature may have buffered the fluids to high 
activities of reduced sulphur, thus providing an ideal medium for the solvation of gold 
(Henley, 1973; Seward, 1973, 1984; Wood et al., 1987; Renders and Seward, 1989). 
Moreover, Mountain and Wood (1988) have shown that the PGE are relatively 
insoluble in sulphide solutions, and Crerar and Barnes (1976), Wood (1987), and 
Wood et al. (1987) have shown that base metals are more efficiently transported in 
chloride-solutions than sulphide-solutions under normal hydrothermal conditions. 
These differences in hydrothermal behaviour may therefore explain the lack of base 
metal and PGE enrichment in the gold deposit 
Because the sediments have clearly contributed several components to the ore-
forming system, it is natural to suppose that they might also have been a source of gold 
and silver. However, analyses of gold content in unaltered samples of the Om and 
Chim Formation sediments do not exceed 10 ppb, and it is therefore concluded that they 
do not represent a significantly enriched gold protore. Nevertheless, it would be 
unreasonable to suggest that no gold in the ore deposit was of sedimentary origin, 
because it appears that large volumes of this material have been altered and leached 
during hydrothermal activity (cf. Tilling et al., 1973). 
The high proportion of Pb of igneous origin in the ore fluids contrasts with the low 
abundance of this element in unaltered intrusive rocks (5 ppm compared with 25 ppm in 
the sediments), and suggests that a different process to that which supplied Sr to the ore 
fluids (hydrothermal alteration and leaching of wallrocks) operated for Pb. It has been 
shown that a magmatic volatile phase was exsolved from the cooling intrusions, and 
that this fluid was dominantly aqueous, relatively oxidized, and carried alkalis, Mn and 
Cl (among other components). Such alkali-chloride-rich fluids would readily transport 
base metals (e.g., Crerar and Barnes, 1976; Candela and Holland, 1984; Wood et al., 
1987), and at near-solidus temperatures would also solvate gold and· silver (Seward, 
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1984; Wood et al., 1987). They may also have been a significant source of C(h, and 
K and Rb for alkali-carbonate metasomatism associated with the gold mineralization. 
Hence it is suggested that gold, silver, alkalis and base metals dissolved in the 
parental magma were partitioned into a chloride-rich volatile phase during late-stage 
magmatic devolatilization. Rough calculations show that extraction of 5 ppb of gold 
from a 5 x 5 x 5 km body of magma (with up to 10 ppb Au) would yield 1,750 tonnes 
Au, a value well in excess of the measured and indicated resources of the deposit ( -410 
tonnes Au; Placer Pacific Annual Report, 1988). This fluid, in a manner analogous to 
porphyry-type systems (e.g., Cathles, 1977; Norton, 1978; Henley and McNabb, 
1978; Ahmad and Rose, 1980; Eastoe, 1982), mixed with heated, sulphide-rich, 
reducing groundwaters circulating in the sedimentary host rocks, and deposited base 
metal-sulphide ores in the immediate vicinity of the pluton. Gold and silver, however, 
remained in solution as bisulphide complexes, and were carried upwards by convection 
along structural channels formed in part by the intrusion of the shallow-level stocks, to 
zones of deposition within the overlying Chim Formation (Fig. 41; cf. Sillitoe, 1989). 
Precipitation of disseminated gold in the B- and C-type ores may have been caused by 
reaction between the sulphide-rich ore fluids and Fe-rich wallrocks such as the mafic 
stocks, resulting in the removal of sulphide from solution, and the precipitation of 
disseminated auriferous pyrite (cf. Kerrich et al., 1977; Boyle, 1978; Phillips and 
Groves, 1983). On the other hand, precious metal deposition in the base metal-sulfide 
(types A and E) and gold, Au-Ag-telluride (type D) veins may have resulted from 
boiling (loss of H2S to a vapor-phase) and/or mixing with shallow-level ground waters 
(cooling, dilution and oxidation; cf., Drummond and Ohmoto, 1985; Brown, 1989; 
Seward, 1989; Krupp and Seward, 1990). This model adequately explains the 
apparent lack of a direct spatial association between mineralized zones and individual 
shallow-level intrusions at Porgera, and also the enrichment of gold and silver in the 
deposit over base metals and the PGE. 
Finally, it is proposed that the late, high-gradeD-type veining associated with the 
Roamane Fault is merely an extension of this general process. It is clear that the D-type 
ore fluids were isotopically identical to the earlier A-, B- and C-type fluids, but their 
unique inventory ofTe and V, and theirvuggy, epithermal style of veining, suggest that 
the mechanism of metal transport and deposition changed slightly after the earlier stages 
of high fs2. high water/rock ratio activity. The abundance of tellurium strongly 
suggests a direct magmatic contribution to these late fluids (e.g., Afifi et al., 1988), and 
the spatial association between the high-grade D-veins and relatively Au-enriched 
feldspar porphyry dykes suggests that the ore fluids were derived during the final 
stages of magmatic differentiation and crystallization (Fig. 41 ). The influx of a batch of 
fresh, primitive magma into the parental magma chamber, perhaps triggered by tectonic 
activity, may have resulted in the emplacement of the feldspar porphyry dykes, and the 
s N 
) 
NIPA Group normal faulting (limestone) 
ChimFm. 
---
Present 
(siltstone etc.) Surface 
/ Mixed ore fluid 
/ Magmatic fluid 
/' Groundwaters 
( Om Fmo (siltstone etc.) 
Porphyry-type 
base metal-sulfide ore? 
(groundwater mixing etc) 
Basement 
(Permian granite?) ::: 0 0 
Fig. 41. Cartoon cross-sections of the Porgera Intrusive Complex and associated 
gold deposit during the earlier stage of low-grade disseminated mineralization, and the 
later stage of fault-controlled, high-grade mineralization. The exact location of the 
parental intrusive body is conjectural, and it is not known whether magmatism and 
mineralization extended into the Tertiary limestone cover sequences. See text for 
discussion. 
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separation of a fmal pulse of magmatic fluid enriched in gold, in a manner analogous to 
that proposed for supersaturation of PGE-rich sulphide and chromite in layered 
intrusions (e.g., Irvine, 1977; Campbell et al., 1983; Naldrett and von Gruenewaldt, 
1989). In contrast to these models, however, the high volatile-content and oxidation 
state of the Porgera magmas probably suppressed sulphur-saturation (e.g., Shima and 
Naldrett, 1975; Carroll and Rutherford, 1985), and chalcophile elements and gold may 
instead have been partitioned into a magmatic fluid phase (cf. Cameron and Hattori, 
1987; Hattori, 1987). 
Tectonism associated with uplift and the imminent continent/arc collision at the end 
of the Miocene may have provided structural channels for the ascent of both the feldspar 
porphyry dykes and the late ore fluids during the fmal stages of magmatic activity at 
Porgera, and bonanza grades of gold were deposited in the vuggy 0-veins associated 
with the Roamane Fault when the ascending fluids boiled or mixed with cool, near-
surface, oxidized groundwaters (Fig. 41).-
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CONCLUSIONS 
The principal conclusions of this study are that gold mineralization at Porgera was 
directly related to the emplacement of a volatile-rich, epizonal alkali gabbroic intrusive 
complex, and that both magmatism and mineralization occurred during a period of 
Middle to Late Tertiary terrane accretion in Papua New Guinea (PNG). The Porgera 
Intrusive Complex (PIC) consists of a suite of small, near-surface stocks and dykes 
which represent apophyses above a larger parental pluton, located at a deeper level in 
the crust. Metalliferous alkali-chloride fluids appear to have been evolved from this 
pluton during crystallization, and it is proposed that these fluids mixed with warm, 
reduced, sulphide-rich groundwaters circulating in the sedimentary host rocks 
(carbonaceous siltstones of the Jurassic Om Formation). Base metal-sulphides were 
precipitated during fluid mixing at depth, but gold and silver remained in solution and 
were carried to higher crustal levels along structural channels formed by emplacement 
of the shallow-level stocks. Disseminated, low-grade gold mineralization formed 
where these ascending fluids interacted with the host rocks, and/or mixed with cool, 
near-surface groundwaters. 
After this main stage of hydrothermal activity, an injection of fresh, primitive 
magma into the partially solidified parental intrusion, perhaps triggered by extensional 
tectonic activity, resulted in emplacement of a suite of feldspar porphyry dykes, and the 
separation of a final pulse of metalliferous magmatic fluid. This fluid ascended rapidly 
along faults and other late structures, and very high-grade, epithermal-type gold 
mineralization was formed where boiling or mixing with descending groundwaters 
occurred. 
Important observations and results which have been used to formulate this 
metallogenic model for Porgera are listed below: 
1. The PIC was emplaced in Jurassic-Cretaceous continental shelf sediments near 
the northeastern margin of the Australasian plate at 6.0 ± 0.3 Ma (2cr). 
2. The timing of emplacement coincides with the elimination of an oceanic segment 
of the Solomon Sea plate by double-subduction, and appears to shortly pre-date 
collision between the facing arcs on the Australasian and Bismarck Sea (Pacific) 
plates. Uplift and foreland deformation resulting from this collision probably 
began at 4 to 5 Ma, and continues to the present day in the Papuan Fold Belt. 
3. The PIC consists of a comagmatic suite of stocks and dykes of alkali 
basaltic/gabbroic, hawaiitic and mugearitic composition, with LREE and other 
incompatible element enrichments in the least evolved rocks (BalLa= 8 to 10, 
La/Nb = 0.6 to 0.7, Sr/Nd = 25, [La/Yblcn = 15 to 19) characteristic of alkaline 
intraplate basalts. 
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4. The isotopic composition (eNd= +6, 87SrJ86Sr = 0.7035, 206pbf204Pb = 18.64, 
207pbf204Pb = 15.55, 208pbf204Pb = 38.45) and geochemistry of the intrusive 
suite are consistent with derivation from a recently incompatible element-enriched 
garnet lherzolite source in the upper mantle. 
5. The apparently unique composition and isolated spatial and temporal occurrence 
of the PIC does not suggest the presence of a deep-mantle plume beneath 
Porgera, but rather that local disturbances in the sub-continental mantle, related to 
the complicated tectonic setting, resulted in melting of an enriched asthenospheric 
source. 
6. The high volatile content and oxidation state of the magma, combined with 
evidence for phlogopite in the mantle source, suggest that recent metasomatism ( < 
0.5 Ga) was partly responsible for the observed incompatible element-
enrichments in the magma, although derivation by small degrees of partial melting 
of a depleted source cannot be completely ruled out. 
7. The exposed stocks and dykes of the PIC display porphyritic to ophitic textures. 
Alkali basaltic dykes contain olivine and Cr-rich diopside phenocrysts, whereas 
hawaiites and mugearites contain hornblende (titanian magnesio-hastingsite), 
diopside-salite, and plagioclase phenocrysts. Apatite phenocrysts (up to 2 mm 
wide) and magnetite micro-phenocrysts (Cr-rich in mafic intrusions) are present 
throughout the suite. Homblende-ophitic textures are developed in larger 
intrusions and in mafic cumulates. 
8. Individual stocks and dykes are relatively homogeneous in composition, but their 
mutual differences appear to reflect fractionation in a common parental magma 
chamber, prior to shallow-level emplacement. A 5 kin-diameter aeromagnetic 
anomaly surrounds the PIC and suggests that the pluton is located at upper-
crustal levels, but it is not currently exposed. 
9. A late suite of feldspar porphyry dykes of mugearitic bulk composition but 
relatively high compatible element-content, cross-cuts all other intrusions. The 
dykes show evidence of mixing between an evolved clinopyroxene-plagioclase-
phyric melt, and a more mafic aphyric melt, and suggest that a fresh pulse of 
primitive magma entered the parental magma chamber at a late stage in its 
fractionation history, and mixed with residual melts. This activity may have been 
triggered by normal faulting. 
10. K-Ar apparent ages of between 5.1 and 6.1 Ma have been obtained from 
hydrothermal sericite (illite) and roscoelite associated with ore, indicating that 
gold mineralization occurred within 1 Ma of emplacement of the PIC. 
11. Gold mineralization occurs in structurally-controlled veins and wallrock 
disseminations which overprint the exposed stocks and their sedimentary host 
rocks (siltstones of the Cretaceous Chim Formation). Ore zones are not centered 
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on any specific intrusions, although the late feldspar porphyry dykes are often 
found close to, or parallel to mineralized structures. These dykes are too small to 
be considered themselves as sources for the metalliferous fluids, but their spatial 
association with ore zones suggests a link between mineralization and late 
magmatic processes occurring at deeper levels, perhaps within the parental 
magma chamber. 
12. Ore formation appears to have occurred in two main stages: an early, high 
water/rock ratio, relatively high fs2. moderate temperature (200-350°C?) 
hydrothermal event, which resulted in pervasive sericite-carbonate alteration (K-
Rb-Mn-S-C02-metasomatism) of both igneous and sedimentary rocks, 
accompanied by precipitation of disseminated auriferous, arsenical-pyrite (ore 
types B, C), and veins containing base metal-sulphides and minor, microscopic 
free gold (ore types A, E); and a second, smaller volume hydrothermal event, 
which was spatially associated with- the late, cross-cutting Roamane Fault Zone. 
This fault is extensional in character, and controls the location ofvuggy, banded, 
epithermal-style quartz veins and hydraulic breccias, which carry bands of 
roscoelite, locally intergrown with macroscopic free gold, Au-Ag-Hg-tellurides, 
and lesser base metal-sulphides (ore type D). 
13. The vuggy, banded and compositionally zoned nature of the A-, D-, and E-type 
veins suggests formation under fluctuating physicochemical conditions, reflecting 
mineral deposition through a combination of simple cooling, boiling, and/or fluid 
mixing. 
14. The lack of significant base metal-enrichment or REE-mobility in the deposit 
suggests that the ore-fluids were not chloride-, fluoride-, or carbonate-rich. Gold 
was probably therefore transported as a bisulphide complex, and was deposited 
when this complex was destabilized by desulphidation (boiling, wallrock 
reaction), cooling, dilution, or oxidation (fluid mixing). Telluride complexes 
may also have been important in the D-type veins, but controls on ore-formation 
are likely to be similar. 
15. Strontium and lead isotopic tracing studies show that both Sr and Pb in the ore 
fluids were derived from a mixture of igneous and sedimentary sources in the 
underlying Om Formation strata, and that these fluids were isotopically well 
mixed before reaching depositional zones in the overlying Chim Formation. 
Mass balance calculations suggest that, in contrast to Sr which appears to have 
been largely derived by leaching of the sedimentary country rocks, Pb was 
mainly derived from igneous sources. This difference in behaviour between Pb 
and Sr suggests that Pb may have been introduced into the ore-forming system 
via metalliferous magmatic fluids. 
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16. Although Pb and Au are not identical in their geochemical behaviour, Pb is a 
better analogue of Au mobility than Sr. Hence it is suggested that Au, like Pb, 
may have been largely derived from an igneous source through magmatic 
devolatilization. 
17. Analyses of Au and PGE in unaltered intrusive rocks show a uniform pattern of 
enrichment of Pt. Pd. Au and Cu over Ni, Os, lr, and Rh, with Au 
concentrations reaching -10 ppb in the most compatible element-rich samples. 
Abundances of Pt and Pd, and to a lesser extent Au, are correlated with Cr and 
Ni. These observations suggest that Au and PGE were depleted from the parental 
magma during upper crustal fractionation processes (chromite-precipitation, 
sulphur-saturation?). However, the relative fractionations among the PGE and 
Au are not significantly affected by the overall depletion of noble metals during 
magmatic differentiation, suggesting that the inter-element fractionation is a 
characteristic feature of the parental magma. High fo2 conditions in magmas 
have been shown to reduce the solubility of the Ir-group elements with respect to 
Pt. Pd and Au, and it is suggested that this characteristic of the parental magma 
was responsible for the formation of a relatively Au-rich, PGE-poor melt 
18. Gold concentrations in unaltered samples of the Om and Chim Formation 
sediments are of a similar magnitude to those in the intrusive rocks, and it is 
therefore concluded that neither rock-type represents a specially-enriched source 
for Au-mineralization. However, evidence for separation of an alkali-chloride-
rich volatile phase from the PIC suggests that gold and other metals may have 
been concentrated in a magmatic fluid phase exsolved from the parental pluton. 
Upon escape from the magma chamber, this fluid mixed with warm, reduced, 
sulphide-rich ground waters convecting around the pluton, resulting in deposition 
of base metal-sulphides at depth, and gold at higher levels where the mixed fluid 
interacted with cooler wallrocks and groundwaters, or boiled. 
19. The close spatial association between the late, D-type high-grade veins, relatively 
Au-rich (8-9 ppb) feldspar porphyry dykes, and the late Roamane Fault Zone, 
suggests that a final pulse of magmatism (including magma mixing and 
devolatilization) and ore-formation was promoted by tectonic activity. The strike 
and extensional style of the Roamane Fault is at variance with the compressional 
trend of the Papuan Fold Belt, and indicates that this last stage of ore formation 
occurred before the onset of foreland deformation associated with Late 
Miocene/Early Pliocene continent/arc collision (a minimum age of -4 Ma for the 
beginning of this event is given by apatite fission-track analysis; Hill and 
Gleadow, 1989). 
20. Magmatism and mineralization at Porgera therefore occurred within a short(< 1 
Ma) time interval at -6 Ma, immediately prior to compressional· deformation of 
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the continental foreland. The alkaline intraplate character of the PIC, and its close 
spatial and temporal relationship with elimination of an oceanic plate segment by 
double-subduction, suggest that magm~enesis and metallogenesis are directly 
linked to processes occurring in the back-arc region of the subcontinental 
asthenosphere. The nature of these processes is not clear, but it is suggested that 
fluids or melts derived from the subducted slab at depths below -150 km (such 
that Ti, Nb, and Ta no longer behaved as compatible elements; Ringwood, 1990) 
caused localized metasomatism of the overlying mantle wedge. Convective 
disturbances in this asthenospheric region, combined with a period of lithospheric 
tension (both related to the complicated subduction configuration) may have 
caused localized partial melting of the metasomatized mantle, and facilitated the 
ascent of these melts to upper crustal levels. 
Although this petrogenetic model appears somewhat ad hoc, the small volume 
and apparent compositional and temporal isolation of the PIC in the PNG 
highlands are incongruous with larger-scale models of arc or intraplate (deep-
mantle plume-related) magm~enesis, and so a singular model appears to be 
required. 
Summary: It is concluded that a combination of factors have contributed to the 
formation of rich gold mineralization at Porgera. Complicated tectonic processes 
associated with the final stages of elimination of an oceanic plate segment by double-
subduction, resulted in metasomatism and magmagenesis in the back-arc asthenosphere 
beneath the Australasian plate. Relatively oxidized, volatile-rich alkali basaltic magmas 
ascended to shallow crustal levels along deep faults formed during a brief period of 
stress relaxation in the continental foreland. The high oxidation state of the magma was 
responsible for a degree of primary magmatic gold enrichment (up to -10 ppb ); and the 
suppression of noble metal depletion by sulphide fractionation, at least until near-
surface emplacement. A volatile phase was exsolved from the melt during 
crystallization in a large, unexposed, upper crustal magma chamber, and Au and other 
components were partitioned into this phase. Mixing between magmatic fluids and 
heated, sulphide-rich ground waters circulating in the Om Formation sediments, resulted 
in deposition of base metal-sulphides at depth, but retention of Au in solution until 
deposition at higher levels in structurally-controlled disseminations and stockworks. A 
late stage of magmatic activity, apparently promoted by extensional tectonism, resulted 
in separation of a final pulse of magmatic fluid, whose rapid ascent to shallow levels 
was controlled by faults and hydraulic fractures. Bonanza-grades of Au mineralization 
were formed where this fluid boiled or mixed with cool, descending groundwaters. 
The complex interaction between tectonic, magmatic, and geochemical processes 
outlined above may explain why large gold deposits such as Porgera·are uncommon. 
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In particular, it is noted that without the apparently fortuitous late stage of tectonically-
promoted magmatic and hydrothermal activity, the Porgera gold deposit would be 
subeconomic. 
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APPENDIX 1: Sample Descriptions and Whole-Rock Analyses 
Whole-Rock Sample Descriptions 
Brief descriptions of the samples listed in Table Al.l are given below; modal 
analyses of selected samples used in Figures 11 to 16 and listed in Table A1.3 are also 
given. Drillcore samples are located by DOH number ("P" or "U" prefixes relate to 
surface or underground drillhole respectively), grid reference of the collar (related to the 
Porgera grid, which is based on the Australian map grid), approximate dip and direction 
of the hole, and depth below surface. Sample locations marked with an asterisk relate 
to 100 m intervals on the Australian Map Grid, Zone 54. Abbreviations: anh = 
anhydrite, ap = apatite, bi = biotite (s.l.), cav = miarolitic cavity or vesicle, cc = 
carbonate (mostly calcite in propylitically altered rocks, but dolomite also present in 
phyllic/argillic alteration), chl = chlorite, cpx = clinopyroxene phenocryst, ep = epidote, 
gal = galena, gm = groundmass, hbl = hornblende phenocryst, ksp = K-feldspar 
(adularia), mt = magnetite (s.l.), ol =olivine (pseudomorph), op = opaque, plag = 
plagioclase phenocryst, py = pyrite, qz = quartz, rose = roscoelite, ser = sericite, sp = 
sphene, sphal = sphalerite, tc = talc. 
RJR-1: Epidotized alkali basalt/hawaiite, Roamane intrusion. Hbl-cpx-plag-ap 
porphyry, with cav filled by ep-cc-ksp. DDH-P78, 45830N 71830E, 
45/341, 189m. 
RJR-2: Propylitically altered, vesicular, alkali basaltic chilled margin, Roamane 
intrusion. Hbl-ol(?)-cpx(?)-plag porphyry; chl-cc-ser altered gm, cc-anh-qz-
chl fill vesicles. DDH-P39, 45674N 71886E, 35/341, 46m. 
RJR-3: Alkali basalt, Roamane intrusion. [gm = 61%, hbl = 23%, cpx = 8%, bi = 
0.5%, plag = 2%, op = 4%, ap = 1%, cav = 1 %]. Hbl-cpx-plag porphyry, 
with microphenocrysts of mt. Groundmass and cav altered to chl-ser-cc-ep-
sp. DDH-P84, 45782N 71970E, 40/335, 81m. 
RJR-4: Hawaiite, Roamane intrusion. Hbl-cpx(?) porphyry, with chl-cc-ser-ep-sp-
altered gm. DDH-P307, 45918N 71636E, 52/161, 297m. 
RJR-5: Hawaiite, Roamane intrusion. Hbl-cpx-plag porphyry, with chl-cc-ser-ep-
altered gm, and cc-chl-qz-(garnet-hematite) in cav. DDH-P196, 45716N 
71996E, 40/341, 98-120m. 
RJR-6: Hawaiite, Roamane intrusion. [gm = 72%, hbl = 18.5%, cpx = 2%, plag = 
3%, op = 4%, ap = 1 %]. Glomeroporphyritic hbl, cpx, with plag, ap, mt 
phenocrysts. Medium-grained feldspathic gm with minor chl-ser-cc-ep 
alteration; cc fills cav. DDH-P78, 45830N 71830E, 45/341, 139-145m. 
RJR-7: Hawaiite, Roamane intrusion. [gm = 60%, hbl = 23%, cpx = 13%, op = 
3%, ap = 1 %]. Cumulate-enriched hbl-cpx-mt-ap porphyry, with cc-ep 
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alteration in gm and rare cav. Glomeroporphyritic cpx is partially chloritized. 
DDH-P84, 45782N 71970E, 40/335, 115m. 
RJR-8: Hawaiite, Roamane intrusion. [gm = 63%, hbl = 22%, cpx = 10%, plag = 
2%, op = 2%, ap = 0.5%]. Hbl-cpx-plag-mt-ap porphyry; hbl shows sub-
ophitic overgrowths and cpx contains mt microphenocrysts. Groundmass 
plag partially altered to ser-cc-chl-ep-sp. DDH-P34, 45730N 71463E, 
35/071, 263-277m. 
RJR-9: Mugearite, HD3 intrusion. [gm = 64%, hbl = 5%, cpx = 10%, bi = 1%, plag 
= 12%, op = 4%, ap = 0.5%, cav = 4%]. Medium-grained plag-cpx-hbl-mt-
ap porphyry, with minor chloritized bi. Groundmass partially altered to chl-
ser-cc-ep-sp-(qz). DDH-P243, 45433N 71643E, 48/341, 247-269m. 
RJR-10: Hawaiite, Roamane intrusion. Hbl-cpx-plag-ap porphyry. Hbl occurs as 
zoned glomeroporphyritic laths, with dark-brown sub-ophitic overgrowths; 
some phenocrysts have inclusion-rich cores or zones. Cpx occurs as large 
oscillatory-zoned euhedra. Cc-ser-chl-ep-(sp-gamet) alteration of feldspathic 
matrix; cc fills miarolitic cavities. DDH-P39, 45674N 71886E, 35/341, 
155-170m. 
RJR-11: Hawaiite, Roamane intrusion. Zoned glomeroporphyritic hbl-cpx, with chl-
cc-altered gm. DDH-P315, 45964N 71852E, 53/161, 59-62m. 
RJR-12: Hawaiite, Roamane intrusion. [gm = 62%, hbl = 22%, cpx = 6.5%, plag = 
2%, op = 5%, ap = 0.5%, cav = 1.5%]. Hbl-cpx-plag-mt-ap porphyry; large 
hbl phenocrysts show sub-ophitic overgrowths, and occasional plag 
phenocrysts are zoned. Groundmass plag partially altered to ser-cc-chl; cc · 
fills cav. DDH-P320, 45988N 72006E, 55/161, 94-108m. 
RJR-13: Mugearite, HD3 intrusion. [gm = 58%, hbl = 2%, cpx = 17%, plag = 17%, 
op = 5%, ap = 0.5%, cav = 0.5%]. Cpx-plag-mt-ap porphyry, with minor 
bbl. Cc-ep-prehnite-alteration of interstitial gm and cav. DDH-P38, 45701N 
71750E, 35/251, 210m. 
RJR-14: Strongly propylitically altered vesicular hawaiite(?), HD3 intrusion. Chl-cc-
ser-tc-altered gm and phenocrysts. DDH-P38, 45701N 71750E, 35/251, 
232m. 
RJR-15: Hawaiite, HD3 intrusion. Hbl-cpx-plag porphyry. Clustered or isolated, 
generally unzoned, hbl phenocrysts, sometimes with corroded rims; 
~umerous partially chloritized cpx euhedra, and occasional zoned plag 
phenocrysts. Matrix plag partially altered to ser-cc; chi in interstitial areas. 
DDH-P94, 45531N 71430E, 65/071, 21-25m. 
RJR-16: Mugearite, HD3 intrusion. [gm = 64.5%, hbl = 1%, cpx = 15%, bi = 1%, 
plag = 13%, op = 4.5%, cav = 1 %]. Medium-grained cpx-plag-mt porphyry, 
with chloritized bi. Groundmass of medium-grained zoned plag, partially 
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altered to ser-cc-ep-prehnite; piemontite also occurs with these minerals in 
cav. Cumulate-textured hbl-cpx xenoliths are present. DDH-P94, 45531N 
71430E, 65/071, 346m. 
RJR-17: Mugearite, HD3 intrusion. [gm = 76%, hbl = 4%, cpx = 7.5%, plag = 10%, 
op = 2%, ap = 0.5%]. Medium-grained plag-cpx-hbl-mt-ap porphyry, with 
oscillatory-zoned hbl phenocrysts and glomeroporphyritic cpx, partly altered 
to chl. Groundmass of medium-grained, zoned plag, variably altered to ser-
cc-ep; cc-prehnite occur in rare cav. DDH-P94, 45531N 71430E, 65/071, 
256-259m. 
RJR-18: Mugearite, HD3 intrusion. Cpx-(hbl) phenocrysts in coarse plag matrix. 
Groundmass and plag partially altered to ser-cc-ep-chl-prehnite-pumpellyite. 
DDH-P94, 45531N 71430E, 65/071, 282m. 
RJR-19: Mugearite, HD4 intrusion. [gm =55%, hbl = 2.5%, cpx = 12%, bi = 0.5%, 
plag = 23.5%, op = 3%, ap = L5%, cav = 2%]. Feldspar-enriched(?) plag-
cpx-mt-ap porphyry, with large (several mm) zoned plag phenocrysts, and 
glomeroporphyritic cpx; plag is seriate-textured. Cc-qz-ep-sp occur in cav. 
DDH-P85, 45528N 71430E, 71/252, 374-377m. 
RJR-20: Mugearite, HD4 intrusion. [gm = 70%, hbl = 7%, cpx = 7%, bi = 6%, plag 
= 5.5%, op = 3%, cav = 2%]. Hbl-cpx-plag-mt porphyry, with biotite rims 
to some hbl phenocrysts. Medium-grained gm plag partially altered to ser-cc, 
and cc-qz-chl-amphibole-sp fill cav. DDH-P80, 45600N 71469E, 45/245, 
302-308m. 
RJR-21: Alkali gabbro cumulate, Rambari intrusion. [gm = 37%, ophitic hbl = 28%, 
cpx = 23.5%, ol = 6%, bi = 3.5%, op = 1.5%, ap :::; 0.5%]. Medium-
grained ophitic-textured cumulate, with abundant cpx, ol and mt phenocryst, 
and brown hbl oikocrysts; some cpx is glomeroporphyritic. Subordinate 
plag-bi gm, partially altered to ser and chi; cc fills cav. DDH-P79, 45958N 
71204E, 45/071, 282-285m. 
RJR-22: 50-cm hawaiite dyke cutting the Rambari intrusion. [gm = 69.5%, hbl = 
12%, plag = 16%, op = 2%, ap = 0.5%]. Plag-hbl-mt-ap porphyry, with 
minor bi in matrix. Seriate-textured plag, partially altered to ser-cc. Rare cc-
ksp fills cav. DDH-P302, 45828N 71533E, 60/161, 194m. 
RJR-23: Strongly propylitically altered alkali basaltic chilled margin, Rambari 
intrusion. Cpx and ol phenocrysts are altered to chl-cc and tc; with chl-ser-
cc-tc-amphibole-altered gm. DDH-P302, 45828N 71533E, 60/161, 209m. 
RJR-24: Propylitically altered alkali basaltic chilled margin, Rambari intrusion. Cpx-
ol(?)-mt porphyry, with ser-chl-cc-tc-amphibole-altered gm. DDH-P302, 
45828N 71533E, 60/161, 207m. 
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RJR-25: Alkali gabbro cumulate, Rambari intrusion. Ophitic hbl encloses plag-cpx-
ol(?)-ap. Groundmass altered to chl-ser. DDH-Pl44, 45933N 71493E, 
42/251, 78-80m. 
RJR-26: Propylitically altered alkali gabbro cumulate, Rambari intrusion. Ophitic hbl 
encloses ap-mt and chloritized silicates. Groundmass altered to chl-ser-cc. 
DDH-P302, 45828N 71533E, 60/161, 149-154m. 
RJR-27: Alkali gabbro cumulate, Rambari intrusion. [gm = 41%, ophitic hbl = 41%, 
cpx = 7%, ol = 6%, bi = 5%]. Coarse-grained ophitic hbl, with sub-ophitic 
biotite, enclosing cpx and ol phenocrysts. Groundmass strongly chloritized, 
and hbl and cpx show marginal alteration; ol altered to tc. Cc-chl fill cav. 
DDH-P302, 45828N 71533E, 60/161, 164-170m. 
RJR-28: Hawaiite, Rambari intrusion. [gm = 62%, ophitic hbl = 17.5%, cpx = 19%, 
plag = 1%, op = 0.5%]. Medium-grained ophitic-textured cumulate, with 
abundant cpx phenocryst, and brown hbl oikocrysts; altered ol phenocrysts 
may also be present. Cpx, bi partially altered to chl, and gm plag altered to 
ser; ep-ee in cav. Base metal-sulphide veinlets occur locally. DDH-P83, 
45969N 71412E, 52/251, 248-257m. 
RJR-29: Mugearite (feldspar porphyry dyke). Cpx-plag porphyry, with areas of fine-
grained hbl-plag-cpx. Ser-cc-chl-altered gm. DDH-P255, 45571N 71745E, 
47/251, 44-89m. 
RJR-30: Hawaiite, HD2 intrusion. Ophitic hbl and bi, enclose small plag laths; 
phenocrysts of plag-ap-cpx(chloritized) abundant. Plag-rich matrix 
moderately altered to ser-cc-(ep); cc fills cav. DDH-P197, 45419N 71522E, 
40/341, 38-56m. 
RJR-31: Hawaiite, HD2 intrusion. Ophitic hbl encloses plag; cpx is chloritized. 
Matrix plag altered to cc-ser; cc-ep-(qz-ksp) fill cav. DDH-P212, 45510N 
71477E, 65/166, 33-38m. 
RJR-32: Hawaiite, HD2 intrusion. Cpx-hbl phenocrysts largely chloritized; matrix 
plag altered to ser-cc-ep. DDH-P97, 45406N 71348E, 51/251, 71-85m. 
RJR-33: Hawaiite, HD2 intrusion. Sub-ophitic hbl encloses plag; cpx phenocrysts 
largely chloritized, plag sericitized. Cc-ep fill cav. DDH-P93, 45480N 
71470E, 75/251, 226-230m. 
RJR-34: Small hawaiite intrusion near HD3. [gm = 54.5%, hbl = 6%, cpx = 11%, 
plag = 23.5%, op = 4%, ap = 1 %]. Plag-cpx-hbl-mt-ap porphyry, possibly 
cumulate-enriched. Cpx partially chloritized, gm plag altered to ser-cc-py. 
Exploration adit, 45625N 71665E. 
RJR-35: Small hawaiite intrusion in Peruk area. [gm = 51%, hbl = 23.5%, cpx = 
9.5%, ol = 1%, bi = 3%, op = 4%, ap = 0.5%, cav = 8%]. Cpx-ol(?)-ap-mt 
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porphyry, plus sub-ophitic hbl. Bi occurs with plag in medium-grained gm, 
partially altered to chl-ser; cc fills cav. Exploration adit, 46015N 72600E. 
RJR-36: Small alkali basalt/hawaiite dyke. Cpx (chloritized) porphyry with rare hbl 
phenocrysts. Ser-cc-altered gm. P308, 45296N 71665E, 47/341, 234m. 
RJR-37: Small vesicular alkali basalt dyke. Cpx (largely chloritized) porphyry, with 
sub-ophitic interstitial hbl plus bi. Cc-chl-garnet-op in vesicles. DDH-P96, 
45219N 71357E, 45/251, 169m. 
RJR-38: Small mugearite intrusion. [gm = 55.5%, hbl = 9%, cpx = 16%, bi = 2%, 
plag = 11%, op = 4%, ap = 0.5%, cav = 2%]. Medium-grained cpx-plag-
hbl-mt-ap porphyry; cpx is glomeroporphyritic. Minor bi occurs in the gm, 
and plag is partially altered to ser-cc-ep-chl. Rare anh also seen in altered gm. 
Loose sample from exploration adit in Peruk area; exact location unknown. 
RJR-39: Small mugearite intrusion. [gm = 61%, hbl = 27.5%, cpx = 4%, plag = 3%, 
op = 4%, cav = 0.5%]. Hbl-cpx-plag-mt porphyry, with glomeroporphyritic 
cpx and hbl, and large, zoned plag phenocrysts. Plag and bi in gm partially 
altered to ser-cc-chl. Loose sample from exploration adit in Peruk area; exact 
location unknown. 
RJR-40: Small alkali basalt dyke. 01-cpx porphyry with chl-cc-ser-altered gm. DDH-
P29, 45040N 71655E, 46/253, 74-76m. 
RJR-41: Propylitically altered vesicular alkali basalt dyke. Cpx-ol(?)-plag porphyry, 
with chl-cc-ser-altered gm; cc-garnet in vesicles. DDH-P190, 45600N 
71802E, 45/249, 152m. 
RJR-42: Hawaiite, HD2 intrusion. Glomeroporphyritic cpx-hbl porphyry, with sub-
ophitic rims on hbl. Medium-grained plag in gm partially altered to ser-cc-ep. 
DDH-P138, 45383N 71468E, 60/071, 101m. 
RJR-43: Mugearite, HD3 intrusion. [gm = 67%, hbl = 4.5%, cpx = 8%, plag = 11%, 
op = 4%, ap = 2.5%, cav = 3%]. Medium-grained plag-cpx-hbl-mt-ap 
porphyry, with seriate-textured plag. Groundmass is partially altered to ser-
chl-cc, plus cc-qz-ep-chl in cav. Exploration adit, 45600N 71575E. 
RJR-44: Alkali gabbro cumulate, near HD3. [gm = 37%, ophitic hbl = 35%, cpx = 
17%, ol = 3.5%, bi = 4%, op = 1.5%, ap = 0.5%, cav = 1%]. Coarse-
grained ophitic hbl, with sub-ophitic bi, enclosing cpx and ol phenocrysts; 
large mt phenocrysts enclosed by hbl. Groundmass strongly chloritized, and 
hbl and cpx show minor chloritization; ol altered to tc, cc fills cav. 
Exploration adit, 45660N 71750E. 
RJR-45: Mugearite, HD3 intrusion. Coarse-grained interlocking plag matrix, with 
abundant cpx (largely chloritized) and ap phenocrysts; hbl rare, but interstitial 
bi and large zoned plag phenocrysts present. Variable development of chl-
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ser-cc in matrix, and qz-cc-ep-ser-sp-anh in cav. Exploration adit, 45590N 
71545E. 
RJR-46: Small hawaiite intrusion in Peruk area. [gm = 47%, hbl = 24%, cpx = 9%, 
ol = 5%, bi = 8%, op = 3%, ap = 0.5%, cav = 3%]. Phenocrysts of cpx, ol 
(?), ap, mt, and sub-ophitic bbl. Bi occurs with plag in medium-grained gm, 
partially altered to chl-ser; cc fills cav. Exploration adit, 46020N 72585E. 
RJR-47: Hawaiite, HD2 intrusion. Ophitic hbl encloses plag, cpx, ol 
(pseudomorphs), ap, mt. Ophitic hbl appears to have formed by 
recrystallization of hbl phenocrysts, relicts of which may be recognized as 
rare, pale-brown, rounded cores within the dark-brown oikocrysts. Cpx, bi 
largely chloritized, ser-cc-altered gm; cc fills cav. DDH-P98, 45406N 
71348E, 50/251, 162-165m. 
RJR-48: Mugearite, HD3 intrusion. [gm = 52%, hbl = 1.5%, cpx = 8%, bi = 1.5%, 
plag = 28%, op = 6%, cav =- 3%]. Plag-rich cumulate, with partially 
chloritized glomeroporphyritic cpx and hbl, and rare large ap phenocrysts. 
Miarolitic cavities filled with cc-sp-amphibole-qz-ep. Exploration adit, 45550 
71425E. 
RJR-49: Propylitically altered mugearite (feldspar porphyry dyke). Plag phenocrysts 
with minor plag-hbl matrix (largely altered to ser-cc). Areas of aphyric hbl-
plag material present. DDH-P255, 45571N 71445E, 47/251, 96-100m. 
RJR-50: Strongly propylitically altered hawaiite(?). Relict sub-ophitic hbl, but other 
silicates altered to chl-cc-op, plag altered to ser-cc; chl-cc-qz-ep-altered gm. 
DDH-P212, 45510N 71477E, 65/166, 74m. 
RJR-51: Small alkali basalt dyke. Cpx-ol(?) porphyry, with rare cumulate-textured 
hbl-cpx cognate xenolithic fragments. Cpx partially altered to chl-cc-op, gm 
altered to ser-cc-chl. DDH-P97, 45406N 71348E, 51/251, 316-318m. 
RJR-52: Mugearite (feldspar porphyry dyke). Plag-cpx(chloritized) porphyry, with 
patches of aphyric hbl-plag material. Chl-cc-ser-ep-anh-altered gm. DDH-
P267, 45284N 71684E, 42/341, 237-274m. 
RJR-53: Small hawaiite dyke. [gm = 66%, gm hbl = 12.5%, hbl = 7%, cpx = 
10.5%, op = 2.5%, cav = 1.5%]. Phenocrysts of cpx (glomeroporphyritic) 
and hbl (rounded, with reaction rims and sub-ophitic overgrowths). Hbl-plag 
matrix, with ser-chl-cc alteration; cpx phenocrysts are partially chloritized; cc 
fills cavities. DDH-P190, 45600N 71802E, 45/249, 29-34m. 
RJR-54: Propylitically altered mugearite (feldspar porphyry dyke). Plag-cpx-(hbl) 
porphyry, with extensive ser-cc-chl-qz-ep alteration. DDH-P265, 45524N 
71603E, 55/251, 325m. 
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RJR-55: Propylitically altered mugearite (feldspar porphyry dyke). Plag-cpx-(hbl) 
porphyry, with patches of aphyric hbl-plag material. Ser-chl-cc-(anh) 
alteration. DDH-P293, 45350N 71549E, 65/341, 266-268m. 
RJR-56: Mugearite (feldspar porphyry dyke). [gm = 73%, plag = 22.5%, cpx = 
3.5%, hbl = 1%, ap = 0.5%]. Medium-grained cpx-plag porphyry, with rare 
hbl phenocrysts and patches of aphyric hbl-plag material; plag-hbl gm. Plag 
altered to ser, cpx partially chloritized. Ser-chl-cc-anh-ep-qz-altered gm. 
DDH-P265, 45524N 71603E, 55/251, 289-290m. 
RJR-57: Small hawaiite dyke. [gm = 67%, gm hbl/bi = 7%, cpx = 21%, ol(?) = 2%, 
op = 3%]. Cpx-ol(?) porphyry, with glomeroporphyritic cpx clusters; fine-
grained plag-op-hbl-bi matrix, strongly altered to chl-ser-cc. Cpx fresh, ol(?) 
altered to tc. DDH-P192, 45478N71783E, 45/341, 155-160m. 
RJR-58: Propylitically altered mugearite (feldspar porphyry dyke). Plag-cpx-(hbl) 
porphyry; phenocrysts largely altered, and gm altered to chl-ser-cc. DDH-
P319, 45215N 71505E, 60/341, 246m. 
RJR-59: Sericitized mugearite (feldspar porphyry dyke), associated with Au 
mineralization. Almost complete alteration to ser-cc-qz-py. DDH-P240, 
45385N 71752E, 47/341, 233-239m. 
RJR-60: Mugearite (feldspar porphyry dyke). [gm = 82%, plag = 11%, cpx = 5.5%, 
hbl = 0.5%, cav = 0.5%]. Plag, cpx phenocrysts in fine-grained sericitized 
feldspathic matrix. Plag phenocrysts partially sericitized, cpx partially 
chloritized. DDH-P290, 45234N 71580E, 48/341, 263-278m. 
RJR-61: Mugearite (feldspar porphyry dyke). Plag-cpx porphyry, with abundant 
areas of aphyric hbl-plag material. Phenocrysts largely altered, and gm 
altered to chl-ser-cc-ep-qz. DDH-P44, 45312N 71534E, 45/251, 222-235m. 
RJR-62: Mugearite (feldspar porphyry dyke). Plag-hbl-cpx(?) porphyry, with patches 
of aphyric hbl-plag material. Cc-chl-ser-anh-op-altered gm. DDH-P319, 
45215N 71505E, 60/341, 335-338m. 
RJR-63: Propylitically altered alkali basalt dyke. Chloritized cpx-hbl porphyry; 
strongly chl-ser-cc-altered gm. Surface exposure in roadcut, 44850N 
70700E. 
RJR-64: Propylitically altered alkali basalt dyke. Cpx(altered) porphyry, with sub-
ophitic hbl in matrix. Chl-ser-cc-altered gm. DDH-P96, 45219N 71357E, 
45/251, 174-175m. 
RJR-65: Hawaiite, Roamane intrusion. [gm = 61%, hbl = 26%, altered cpx = 10%, 
plag = 1.5%, op = 1%, ap = 0.5%]. Glomeroporphyritic hbl plus ap; no 
fresh cpx observed. Groundmass plag partially altered to ser-cc-chl-ep. 
DDH-P307, 45918N 71636E, 52/161, 110m. 
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RJR-66: Hawaiitic chilled margin, Roamane intrusion. Hbl-plag-cpx-ap porphyry; 
cpx largely chloritized, zoned plag phenocrysts partially sericitized. Ser-cc-
chl-altered gm; cc fills cav. DDH-P307, 45918N 71636E, 52/161, 312m. 
RJR-67: Mugearite, Tawisakale intrusion. [gm = 62.5%, hbl = 11%, cpx = 5%, plag 
= 17.5%, op = 2%, cav = 1.5%]. Leucocratic highly porphyritic rock, with 
plag, hbl, cpx, and small mt phenocrysts. Xenoliths of seriate-textured hbl-
plag material are present; cc fills cav. Surface exposure in quarry, 45050N 
72050E. 
RJR-68: Carbonaceous mudstone. Detrital qz-muscovite present, pervasive carbonate, 
incipient clay formation. Exploration adit, 45670N 71820E. 
RlR:-69: Carbonaceous mudstone. Very fine-grained ser-cc-qz rock; cc-py veinlets 
present. Exploration adit, 4577 5N 71990E. 
RJR-70: Sericitized mugearite (feldspar porphyry dyke). Pervasive alteration to ser-
cc-qz-py. DDH-P265, 45524N71603E, 55/251, 212-244m. 
RJR-71: Sericitized mudstone. Pervasive sericitization with disseminated py and 
patches of cc. DDH-P245, 45269N 71509E, 55/341, 333-338m. 
RJR-72: Sericitized mudstone. Pervasive ser-cc alteration with cc-py-chl around 
fractures. Exploration adit, 45640N 71720E. 
RJR-73: Calc-arenite. Bioturbated, fossiliferous, oolitic(?), carbonate-cemented 
siltstone. DDH-P14, 45390N 71395E, 40/254, 271-273m. 
RJR-74: Calc-arenite. Bioturbated, oolitic(?), carbonate-cemented sandstone, with 
disseminated py. DDH-P67, 45404N 71434E, 50/251, 171-174m. 
RJR-75: Pyritized carbonaceous mudstone. Very fine-grained ser-cc-qz rock, with cc-
veinlets and py impregnations. Exploration adit, 45705N 71970E. 
RJR-76: Sericitized mudstone. Pervasive ser-cc alteration with minor disseminated 
py. Exploration adit, 45790N 72040E. 
RJR-77: Sericitized mudstone. Pervasive ser-cc alteration. DDH-P97, 45406N 
71348E, 51/251, 206-208m. 
RJR-78: Sericitized hawaiite(?), Roamane intrusion. Pervasive ser-cc alteration with 
disseminated py; no primary minerals preserved. DDH-P315, 45964N 
71852E, 53/161, 179-186m. 
RJR-79: Sericitized hawaiite(?), Roamane intrusion. Pervasive ser-cc alteration with 
coarse disseminated py; plag partially preserved. DDH-P312, 45933N 
71741E, 48/161, 182-188m. 
RJR-80: Sericitized mugearite(?), HD4 intrusion. Pervasive ser-cc alteration with 
disseminated auriferous py; no primary minerals preserved except ap. From 
the Waruwari orebody. DDH-P85, 45528N 71730E, 71/252, 307-314m. 
RJR-81: Mineralized crackle breccia in HD2 intrusion. Pervasive ser-cc-qz alteration 
with disseminated auriferous py; no primary minerals preserved, but relict 
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ophitic texture visible. Discovery outcrop on flank of Mt. Y akatabari, 
45500N 71550E. 
RJR-82: Sericitized mugearite (feldspar porphyry dyke). Pervasive ser-qz-cc alteration 
with disseminated py. No primary minerals preserved except ap; relict 
textures visible. Vein (A-type) of cc-py-sphal-qz cuts sample. DDH-P265, 
45524N 71603E, 55/251, 351-371m. 
RJR-83: Sericitized mugearite (feldspar porphyry dyke). Pervasive ser-cc-qz alteration 
with disseminated py; no primary minerals preserved. Dolomite-qz veinlets 
present. DDH-P301, 45350N 71549E, 50/341, 172-176m. 
RJR-84: Sericitized mugearite (feldspar porphyry dyke). Pervasive ser-cc-qz 
alteration, with qz-py veinlets. No primary minerals preserved except ap; 
relict textures visible. DDH-P255, 45571N 71745E, 47/251, 108-110m. 
RJR-85: Pervasively sericitized and carbonated mugearite(?) from auriferous 
hydrothermal breccia zone in the low-grade large-tonnage ore body, 
Waruwari, HD1 intrusion. DDH-DDH P336, 45112N 71518E, 45/355, 
112-115m. 
K-Ar and 40 Ar/39 Ar Sample Descriptions 
88-2: 
88-3: 
88-5: 
88-8: 
88-9: 
88-10: 
88-13: 
88-15: 
88-16: 
88-17: 
88-18: 
88-19: 
88-20: 
88-21: 
See RJR-30. 
See RJR-47. 
See RJR-45. 
See RJR-15. 
See RJR-20. 
See RJR-53. 
See RJR-28. 
See RJR-26. 
See RJR-6. 
See RJR-12. 
See RJR-8. 
See RJR-10. 
See RJR-46. 
See RJR-39. 
89-624: Intense sericitization and silicification of HD3 intrusion in 2m-wide zone 
around a thick (20-30 em) base metal-sulphide A-type vein. End face of 
exploration adit, 45530N 71380E. 
89-625: Vuggy qz-rosc-(Au0 -telluride) D-vein cross-cutting and following A-vein 
described in 89-624 (see P43b). End face of exploration adit, 45530N 
71380E. 
89-626: See RJR-81. 
89-627: See RJR-80. 
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89-628: Vuggy qz-rosc-(Au0 -telluride) D-vein in HD3 intrusion (see P41). Outcrop in 
south wall of exploration adit, 45580E 71530N; probably extension of vein 
89-625. 
89-629: See RJR-85. 
89-630: 20 em-wide argillic alteration selvage around thin (2-3 em) qz-rosc D-vein in 
small mugearitic intrusion adjacent to and in footwall of Roamane Fault. 
Exploration adit, 45590N 71700E . 
89-631: 10-20 em-wide argillic alteration selvage surrounding thin (1 em) 
anastomozing cc-qz-pyrite veinlets in small gabbroic intrusion (RJR-44). 
26-Level, return air raise, 4567 5N 717 40E. 
Additional Samples 
Samples numbers denoted with the prefix "P" were obtained from the surface or 
underground workings, whereas samples with the prefix "PS" were obtained from 
surface drillholes. 
P4: D-type matrix to brecciated, altered (qz-ser-rosc) sediment, with rich Au0 -
tetrahedrite-py-chalcopyrite-( telluride) mineralization in qz-rosc matrix. DD H-
U098, 45645N 71730E, -Q/160, 47.75m. 
P21: Banded, pyritic A-vein, with laminae of zoned sphal, gal, arsenopyrite and 
minor interstitial chalcopyrite. Arsenopyrite also occurs in late dolomite-qz 
bands, and Au0 occurs as inclusions in py or at the edge of base metal-
sulphide bands (paragenetically late). Exploration adit, 45550N 71420E. 
P34: Pyritic A-vein, with bands of dolomite-qz and ser-qz-py. Gal, sphal, 
pyrargyrite occur as interstitial fillings in coarse-grained pyrite bands, which 
are rimmed with euhedral arsenopyrite; minor Au o or electrum occurs in cracks 
in py, or with dolomite and sphalerite (paragenetically late). Exploration adit, 
45550N 71425E. 
P35: Thick banded A-vein with ser-cc wallrock alteration in HD3 intrusion. Early 
pyritic vein fabric, with later interstitial gal, sphal, pyrargyrite, plus rare Au0 ; 
dolomite-qz-sphal bands alternate with base metal-sulphides. Exploration 
adit, 45565N 71475E. 
P36: Thick banded A-vein cut by sub-parallel, vuggy, qz-rich D-vein, in HD3 
intrusion. A-vein is mainly pyritic, with interstitial gal, sphal, and rare Au0 ; a 
dolomite-qz band with py, arsenopyrite, tetrahedrite and rare chalcopyrite, is 
followed by a band of coarser-grained base metal-sulphides. Exploration adit, 
45580N 71520E. 
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P38: Two sub-parallel A-veins with repeated colloform dolomite-qz/base-metal-
sulphide banding, and thick seams of sphal. Py, sphal, gal, arsenopyrite, 
tetrahedrite, freibergite, pyrargyrite occur with rare Au0 • Exploration adit, 
45595N 71565E. 
P39: Fine-grained qz-cemented breccia-vein (with minor py) cut by vuggy, banded 
qz-rosc-py-marcasite 0-vein. Au0 and petzite occur as inclusions in py or 
intergrown with rosc-qz in between bands of barren comb qz. Cross-cut, 
45620N 71620E. 
P41: (89-628) Au0 -rich, rosc-qz D-vein cutting HD3 intrusion. Exploration adit, 
south wall, 45580E 71530N; probably extension of P43b. 
P42: Thick, colloform-dolomite-rich A-vein, with sericitic alteration selvage in 
HD3 intrusion. Py, sphal, gal, arsenopyrite, followed by dolomitic bands. 
Exploration adit, 4557 5N 71505E. 
P43b: (89-625) Au0 -rich, rosc-qz D~vein cutting A-type veining and sericitic 
alteration in HD3 intrusion. End face of exploration adit, 45530N 71380E. 
P54: A-vein in sericitized HD3 intrusion. Pyritic fabric with interstitial gal, sphal, 
and dolomite-qz gangue. Au0 occurs with sphal or in cracks in py. DDH-
U053, 38.0m. 
P58: Thick A-vein in sericitized HD3 intrusion. Coarse-grained py, with sphal, 
gal, and interstitial freibergite associated with Au0 • DDH-U070, 23.5m. 
P62: Qz-rosc-py-cemented breccia-vein; clasts are replaced by rosc-qz, and rimmed 
by zoned, euhedral py; calaverite/krennerite, petzite, and an unidentified 
telluride (approx. Au3Hg2Tes) occur as inclusions or replacements in py. 
Petzite and lesser hessite mantle euhedral qz in matrix, and fill final cavities 
(with carbonate). DDH-U072, 75m. 
P72: Au0 and Au-Ag-tellurides in D-type alteration and cement to brecciated HD3 
intrusion. DDH-U083, 32.2m. 
P73: A-vein in sericitized Chim Formation sediment Coarse-grained py is mantled 
by sphal, with interstitial gal. DDH-U102, 78.8m. 
P85: Vuggy gypsum from D-vein in sericitized Chim Formation sediment. 
45600N 71620E cross-cut. 
P103: Coarse-grained A-type mineralization cementing breccia in HDl intrusion 
(9 ppm Au). DDH-P336, 45112N 71518E, -45/000, 189.5m. 
P115: Plagioclase-(cpx-hbl-ap)-porphyry, with relatively fine-grained feldspathic 
matrix, HD3 intrusion. DDH-U167, 45534N 71384E, -5/250, 50.5m. 
P122: Vuggy A-vein from zone of strong A-type mineralization in ser-cc-qz-altered 
HD3 intrusion (7 ppm Au). DDH-U177, 45539N 71387E, -5/340, 52.5m. 
P131: Thick A-vein with late stage of qz-sphal veining. Decline, -45660N 71665E. 
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P136: Hawaiitic dyke, with unzoned, rounded to euhedral pale-brown hornblende 
phenocrysts, and less abundant plagioclase and clinopyroxene (altered) 
phenocrysts, set in medium-grained feldspathic groundmass, with small, cc-
fllled miarolitic cavities or vesicles. Surface exposure, approx. 45005N 
71850E. 
P137: Vuggy A-vein with encrustations of qz, py, sphal, and late baryte. Fresh-air 
drive, 45640N 71780E. 
P139: Chim Formation mudstone. Base of fresh-air raise, adit level 22580E (mine 
grid) ventilation cross-cut. 
P141: Upper Chim Formation siltstone. Outcrop on Paiela road, 93940N 7289E*. 
P142: Ieru Formation sandstone. Loose boulder in stream bed on Paiela road, 
93940N 7289E*. 
P143: Darai Limestone. Loose boulder in stream bed on Paiela road, 93940N 
7289E*. 
P144: Three samples of Om Formation. Loose boulders in stream bed from near 
Mt. Pangalin, 94036N 7256E*, and 94022N 7233E*. 
P145: Banded A-vein, with qz, sphal, gal, cutting small altered mafic dyke. Fresh-
air drive, 45640N 71780E. 
PS3: A-vein with py, gal, mantled by coarse-grained, banded, euhedral sphal; 
Rambari intrusion. DDH-P79, 45958N 71204E, 45/071, 151m. 
PS 10: Coarse-grained py-rich A-vein cutting chloritized hawaiite (Roamane 
intrusion) with sericitic overprint; small anatase euhedra are abundant in the 
altered wallrock. Py with interstitial gal, sphal, is locally disrupted and 
cemented by fme-grained arsenopyrite; dolomite-qz occur as gangue. DDH-
P78, 45830N 71830E, 45/341, 200m. 
PS54: Strongly propylitically altered, vesicular, mafic, porphyritic dyke, with hbl 
and possible cpx and plag phenocrysts (now altered). Vesicles mostly filled 
with cc, but some have rims of ksp (adularia?). DDH-P190, 45600N 
71802E, 45/249, 78-79m. 
PS69: Sphal-dolomite-rich A-vein, with py, gal as inclusions in sphal; gal also 
intergrown with dolomite. Vein cuts sericitized feldspar porphyry. DDH-
P245, 45269N 71509E, 55/341, 338m. 
PS75: Disrupted sphal-gal-rich A-vein, cut by pyritic veinlets; in sericitized feldspar 
porphyry. DDH-P252, 45268N 71510E, 86/271, 120m. 
PS94: Weakly sericitized alkali gabbro, Rambari intrusion. Ophitic hbl encloses plag 
and ol (pseudomorphs); cpx occurs as stellate glomeroporphyritic clusters, 
with minor ap. DDH-P270, 45560N 71693E, 35/341, 78-93m. 
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PS 114: Pervasive ser-cc-qz alteration of hawaiite(?), Roamane intrusion. Locally 
coarse-grained sericite, with disseminated pyritohedra; no primary minerals 
survive. DDH-P312, 45933N 71741E, 48/161, 193.5m. 
PS 128: Weakly sericitized alkali gabbro, Rambari intrusion. Ophitic hbl, with zoned 
(partially chloritized) cpx phenocrysts and minor ap; chl-ser-cc altered matrix, 
cc fills interstitial cavities, and a veinlet of prehnite-pumpellyite-calcite cuts the 
sample. DDH-P19, 11780N 22402E (mine grid), 136-138m. 
PS 129: Porphyritic to sub-ophitic hbl, with large glomeroporphyritic clusters of cpx; 
medium-grained feldspathic groundmass, with abundant cc-filled miarolitic 
cavities; HD2 intrusion. DDH-P22, 45440N 71560E, 40/252, 68-69m. 
PS147: Propylitically altered (epidotized) hawaiite, Roamane intrusion. Phenocrysts 
of zoned hbl with subophitic overgrowths, chloritized cpx, rare altered plag, 
and ap (large grains up to -0.3 mm). Matrix altered to chl-ep-(cc-ser) with 
scattered pyritohedra. DDH-P307, 45918N 71636E, 52/161, 205-208m. 
Table Al.l. XRF major and trace element data for samples RJR-1 to 84. Samples marked with an asterisk are discussed in Section 3. 
Dept. Geol. # RJR-1 RJR-2 RJR-3• RJR-4 RJR-S RJR-6• RJR-7• RJR-8• RJR-9• RJR-10 RJR-11 RJR-12• RJR-13• RJR-14 
Field# PS9 PS132 PS24 PS149 PSS9 PSB PS26 PS131 PS9S PS133 PS118 PS12S PS134 PS13S 
ANU# 88-16 88-18 88-7 88-19 88-17 
Lithology1 Rom,B? Rom,CM,B Rom,B Rom,H Rom,H Rom,H Rom,H Rom,H HD3,M Rom,H Rom,H Rom,H HD3,M HD3,H? 
Alterationl 1-B/C 1-C 1-B 1-B/C 1-B/C 1-B 1-B 1-B 1-B 1-B/C 1-B/C 1-B 1-B 1-Q 
SiOz 45.15 45.34 45.71 44.81 45.14 46.42 45.06 44.65 50.94 45.32 43.60 45.03 52.38 42.48 
Ti02 1.15 0.97 1.23 1.13 1.13 1.07 1.17 1.13 0.89 1.14 1.22 1.12 0.84 0.92 
AlA 17.32 14.68 16.30 16.65 16.90 17.37 16.70 16.60 18.19 17.14 14.82 16.93 18.56 13.53 
Fe;A 4.94 3.65 4.78 4.13 4.00 4.08 4.63 4.06 4.00 4.18 3.48 3.91 3.91 3.93 
FeO 3.85 4.41 4.58 4.44 4.69 4.31 4.46 4.56 3.05 4.47 5.39 4.54 3.00 4.69 
MnO 0.19 0.17 0.18 0.17 0.18 0.18 0.18 0.17 0.18 0.18 0.16 0.18 0.17 0.17 
MgO 5.40 7.53 6.41 5.49 S.S4 4.84 5.84 5.41 3.33 5.61 1.25 S.Sl 2.94 9.83 
CaO 12.57 9.33 12.30 ll.SS 10.48 10.37 11.65 11.15 8.37 ll.Sl 9.85 11.35 8.15 10.26 
Na:P 4.06 2.96 3.72 3.84 3.99 4.13 3.89 3.67 S.2S 3.79 3.25 4.03 5.39 1.17 
K:P 0.60 1.57 0.82 0.99 1.21 1.42 0.93 0.92 1.78 1.19 0.89 0.92 1.66 1.96 
P20:5 0.64 0.37 0.60 0.56 0.56 0.59 0.59 0.57 0.45 0.60 0.64 0.57 0.42 0.29 
H20- 0.11 0.24 0.12 0.21 0.20 0.16 0.20 0.24 0.36 0.21 0.27 0.22 0.27 0.35 
H;P+- 2.58 2.83 2.23 2.39 2.25 1.90 2.42 2.34 1.78 2.14 3.07 2.20 1.93 3.28 
~ 2.10 6.20 1.81 3.46 3.39 2.84 1.74 3.34 1.50 2.72 3.33 3.46 1.02 7.06 
s 0.06 0.09 0.02 0.11 0.19 0.10 0.02 0.15 0.01 0.13 1.29 0.04 0.01 0.23 
Total 100.72 100.34 100.81 99.93 99.85 99.78 99.48 98.96 100.08 100.33 98.51 100.01 100.65 100.75 
Fe3+/Fe2+ 1.15 0.74 0.94 0.84 0.71 0.85 0.93 0.80 1.18 0.84 0.58 0.71 1.17 0.75 
.MG 38.34 48.07 44.16 38.59 39.02 35.12 40.98 38.27 25.78 39.29 47.83 38.55 23.66 60.22 
Ba 190 245 300 310 295 480 315 340 sos 335 395 360 465 195 
Rb 9.0 s 1.0 14.5 20.0 25.0 23.0 16.5 18.5 32.0 24.5 21.0 13.5 33.0 62.0 
Sr 950 530 785 805 735 845 830 195 810 835 890 710 710 464 
Pb 14 8 9 6 10 14 8 6 s 7 54 9 4 3 
Th 6.5 s.s 6.0 6.0 1.5 10.0 6.5 6.0 9.5 s.s 8.5 6.5 9.5 3.0 
u l.S 2.0 2.0 l.S 1.0 2.0 2.0 2.0 3.5 o.s 2.5 2.0 3.5 l.S 
a 152 liS 129 136 137 172 133 137 174 141 138 137 163 78 
Nb 62.0 46.5 54.0 58.0 58.0 71.0 54.0 59.0 82.0 59.0 61.0 59.0 73.0 28.5 
y 18 lS 18 18 18 18 18 18 19 18 18 18 19 14 
l..a 32 25 31 31 29 37 29 30 37 31 36 31 32 14 
Ce 6S 49 66 62 61 1S 62 61 70 6S 73 62 58 29 
Sc 34 39 40 38 39 29 37 36 18 38 31 37 16 46 
v 301 253 342 309 306 270 303 299 236 307 296 292 236 272 
Cr 36 295 49 46 44 27 43 42 18 39 249 44 s 520 
Ni 27 111 31 27 29 20 30 28 13 27 100 26 8 181 
Cu 93 72 1S 96 78 133 71 72 70 78 89 91 73 80 
Zn 123 130 145 123 147 116 124 126 78 130 258 106 68 141 
Table Al.l, cont. (ii) 
Dept. Geol. # RJR-15 RJR-16• RJR-17• RJR-18• RJR-19• RJR-20• RJR-21• RJR-22• RJR-23 RJR-24 RJR-25 RJR-26 RJR-27• RJR-28• 
Field # PS28 PS32 PS29 PS31 PSIS PS12 PSI PS103 PS102 PS101 PS48 PSlOS PS104 PSIS 
ANU# 88-8 88-9 88-12 88-14 88-15 88-1 
Litho1ogy1 HD3,H HD3,M HD3,M HD3,M HD4,M . HD4,M Ram,G Misc,H Ram,CM,B Ram,CM,B Ram,G Ram,G Ram,G Ram,H 
Ahs:n1i1m2 1-B£~ I-B 1-B 1-B 1-B 1-B 1-Bl~ 1-B I-ll 1-~ 1-Bl~ 1-~ 1-B£~ 1-B 
SiOz 45.50 50.08 50.09 50.54 49.86 49.18 41.82 46.54 40.46 41.29 41.59 40.80 42.10 45.32 
Ti02 1.18 0.98 0.94 0.88 0.86 0.95 1.11 1.06 1.03 1.09 1.15 1.11 1.14 1.32 
AlzO:J 16.81 18.11 18.23 18.20 18.09 17.50 12.12 17.06 12.29 12.28 12.37 12.11 12.27 15.59 
FezO:J 3.74 4.27 4.32 4.22 3.96 3.88 3.16 4.00 3.18 3.22 3.17 3.28 3.63 1.93 
FeO 5.33 3.39 3.51 3.31 3.41 3.55 5.78 4.17 5.48 s.ss 5.90 5.70 5.64 6.55 
MnO 0.14 0.18 0.18 0.16 0.18 0.15 0.15 0.15 0.20 0.18 0.19 0.20 0.17 0.17 
MgO 5.06 3.41 3.32 3.07 3.02 3.68 13.49 4.47 11.12 12.28 13.12 12.99 13.69 6.62 
CaO 9.40 9.01 8.88 9.01 8.88 8.60 11.06 9.27 11.39 11.18 11.19 11.66 11.02 10.06 
Na:zO 3.81 4.90 4.73 5.06 4.93 4.37 2.57 4.32 0.74 1.19 1.63 1.57 1.96 3.94 
K:P 1.48 1.54 1.59 l.SS 1.50 2.15 0.79 1.12 1.41 1.22 1.47 1.30 1.10 1.37 
P20s 0.65 0.45 0.47 0.43 0.44 0.44 0.54 0.50 0.46 0.47 0.60 0.66 0.64 0.61 
Hz()- 0.28 0.21 0.18 0.23 0.30 0.25 0.45 0.25 0.36 ' 0.32 0.33 0.34 0.37 0.21 
Hz()+- 2.78 1.96 1.77 1.99 2.14 1.82 3.53 2.35 4.37 4.22 3.65 3.81 3.51 2.66 
~ 3.80 1.26 1.39 1.15 2.52 3.15 2.58 4.08 7.17 5.13 3.36 4.46 1.94 3.76 
s 0.06 O.OJ o.u 0.01 o.n Q.02 Q.IJ Q.Q9 Q.Jl 0.09 o,n O.Jl 0.11 Q.10 
I!HIIl 1QQ,Q2 22.18 22.H 22.!11 IQQ,Jl 22 16 22.2!1 22 H 22.11 22.11 22.2~ l!l!l.J6 22.22 l!l!l.81 
Fe3+/Fe2+ 0.63 1.13 1.11 1.1 s 1.05 0.98 0.49 0.86 0.52 0.52 0.48 0.52 0.58 0.27 
MG 37.21 26.98 26.77 25.12 24.69 28.06 78.93 32.99 66.78 72.69 77.28 76.49 80.32 44.38 
Ba 440 440 420 435 425 465 235 305 190 195 290 285 300 480 
Rb 40.5 29.0 30.0 31.0 26.5 47.5 19.5 31.0 48.5 40.5 50.0 39.0 29.5 23.0 
Sr 855 750 770 740 745 745 645 750 383 459 700 sso 725 825 
Pb s 6 6 s s 6 7 9 6 6 7 9 36 42 
Th 9.5 7.0 8.0 7.5 8.0 7.5 7.5 9.0 7.0 4.0 s.s 8.5 7.5 8.5 
u 2.5 2.0 2.0 2.0 2.0 2.0 1.0 3.0 1.0 1.5 1.0 1.5 1.5 3.5 
'b 157 124 141 131 127 175 114 152 97 111 112 122 120 142 
Nb 68.0 67.0 70.0 65.0 62.0 80.0 47.5 67.0 39.0 43.0 48.5 ss.o 54.0 62.0 
y 20 19 19 18 18 19 15 20 15 15 16 16 16 19 
La 40 33 30 31 29 35 28 32 22 25 30 35 33 35 
Ce 83 67 60 60 59 69 59 65 46 53 66 72 69 71 
Sc 21 19 18 16 18 25 32 31 39 36 34 36 33 33 
v 270 266 249 248 245 233 230 285 248 243 246 246 240 299 
Cr 53 9 7 7 6 29 840 44 635 770 810 725 775 181 
Ni 41 11 10 9 9 15 374 23 252 329 346 337 378 67 
Cu 104 140 127 65 112 74 66 101 135 78 73 71 76 102 
Zn 94 81 74 79 78 63 79 165 252 201_ ___ 127 261 195 148 
Table Al.l, cont. (iii) 
Dept. Geol. # RJR-29 RJR-30 RJR-31 RJR-32 RJR-33 RJR-34• RJR-35• RJR-36• RJR-37 RJR-38• RJR-39• RJR-40 RJR-41 RJR-42 
Field# PS83 PS61 PS64 PS42 PS27 P32 P26 PS109 PS36 P80 P48 PS130 PS55 PS47 
ANU# 88-2 88-21 
Lithology1 FP,M HD2,H HD2.H HD2,H HD2,H Misc,H Misc,H Misc,B/H Misc,B Misc,M Misc,M Misc,B Misc,B HD2,H 
Alteration2 1-B/C 1-B/C 1-B/C 1-B/C 1-B/C 1-B 1-B 1-B/C 1-C 1-B 1-B 1-B/C 1-C 1-B/C 
SiOz 47.33 46.44 45.72 44.87 44.07 46.61 43.54 42.28 42.23 47.56 49.97 43.17 43.00 45.93 
Ti~ 0.84 1.18 1.18 1.20 1.16 1.06 1.29 1.17 1.11 1.00 1.02 1.04 1.09 1.18 
AIA 15.35 16.70 11.02 16.68 t6.36 t7.ot t4.8t t4.53 t2.84 17.63 t6.63 t3.3t 13.87 t6.2o 
FeA 2.40 4.25 4.11 3.69 4.25 3.46 3.84 3.15 2.92 4.36 3.78 3.80 3.60 3.67 
FeO 4.45 4.04 4.27 5.06 4.65 4.25 5.30 5.19 6.53 3.54 3.78 5.06 4.73 4.61 
MnO 0.22 0.18 0.18 0.22 0.18 0.13 0.18 0.16 0.21 0.16 0.15 0.16 0.15 0.13 
MgO 5.35 4.71 4.60 4.92 5.16 4.45 8.24 6.94 11.63 3.83 5.17 9.97 7.86 5.19 
CaO 8.17 9.47 9.35 9.95 10.28 10.10 10.00 10.23 10.17 10.23 8.31 10.48 10.33 10.06 
Na:zO 3.08 4.13 4.42 3.58 3.25 3.98 3.84 2.99 1.43 4.34 4.20 2.08 2.35 3.88 
K20 2.35 2.06 1.66 1.66 1.93 1.06 1.13 1.87 1.99 1.72 1.60 1.42 1.72 1.49 
P20;s 0.33 0.68 0.66 0.68 0.64 0.49 0.62 0.61 0.48 0.46 0.59 0.41 0.44 0.64 
H:z(>- 0.22 0.23 0.26 0.27 0.20 0.19 0.51 0.31 0.51 ' 0.24 0.32 0.43 0.33 0.28 
H20+- 2.76 2.11 2.26 2.64 2.43 2.27 2.39 3.41 3.85 1.63 1. 78 3.98 2.95 2.44 
~ 6.81 3.64 3.39 4.16 5.16 4.19 3.29 6.58 3.42 2.97 1.84 3.11 6.07 3.89 
s 0.56 0.03 0.04 0.24 0.10 0.66 0.02 0.13 0.29 0.16 0.09 0.12 0.16 0.06 
Total 100.22 99.91 99.12 99.82 99.82 99.91 99.00 99.55 99.61 99.83 99.23 98.54 98.65 100.35 
Fe3+JFe2+ 0.49 0.95 0.87 0.66 0.82 0.73 0.65 0.55 0.40 1.11 0.90 0.68 0.68 0.72 
MG 35.74 34.61 33.91 36.07 37.40 32.33 53.07 45.60 70.45 29.39 35.65 61.27 50.09 36.76 
Ba 495 480 500 450 385 265 310 465 270 425 445 185 330 400 
Rb 55.0 52.0 36.5 42.5 49.0 23.5 28.5 49.5 77.0 36.5 36.0 52.0 54.0 43.5 
Sr 600 855 930 840 920 720 700 980 550 740 835 510 540 835 
Pb 17 14 18 43 14 4 11 10 12 4 4 28 12 6 
Tb 8.0 10.5 10.5 9.5 8.0 1.5 5.5 7.0 4.5 1.5 11.0 4.5 6.5 9.5 
u 2.5 2.5 1.5 2.5 2.0 2.0 1.5 2.0 1.5 2.0 2.5 1.5 2.0 2.5 
'b 124 172 154 150 135 156 133 125 106 140 187 111 111 159 
Nb 59.0 74.0 73.0 65.0 56.0 68.0 47.5 58.0 41.5 67.0 74.0 39.5 46.5 67.0 
y 15 20 20 19 17 19 18 17 16 19 18 16 16 19 
La 29 45 41 42 36 31 33 32 25 33 41 22 27 40 
Ce 54 86 84 81 72 61 68 68 51 63 83 46 54 80 
Sc 28 21 20 22 23 32 29 31 35 25 20 29 31 22 
v 223 266 262 299 283 272 257 260 265 277 204 254 255 269 
Cr 164 44 41 44 60 46 290 246 700 27 156 520 303 58 
Ni 60 32 34 36 43 21 121 100 269 16 69 220 128 42 
OJ 67 107 111 99 92 33 58 78 112 94 53 67 89 131 
Zn 89 91 95 191 106 51 129 )02 12!1 79 66 253 tOO 78 
Table Al.l, cont. (iv) 
Dept. Geol. # RJR-43* RJR-44* RJR-45 RJR-46* RJR-47 RJR-48* RJR-49 RJR-50 RJR-51* RJR-52 RJR-53• RJR-54 RJR-55 RJR-56• 
Field# P33 P23 P22 P27 PS44 P20 PS80 PS63 PS39 PS91 PS53 PS84 PS97 PS88 
ANU# 88-6 88-5 88-20 88-3 88-4 88-10 
Litho1ogy1 HD3,M Misc,G HD3,M Misc,H HD2,H HD3,M FP,M HD2,H'l Misc,B FP,M Misc,H FP,M FP,M FP,M 
Alls:IIIlism2 1-B I-Bl~ I-Bl~ I-B I-Bl~ I-B I-~ I-ll 1-Bl~ 1-Bl~ 1-Bl~ 1-~ 1-Bl~ 1-Bl~ 
SiOz 50.08 42.58 48.23 43.56 46.23 49.70 48.35 44.21 42.08 49.87 44.42 49.60 50.40 50.41 
TiOz 0.92 1.14 0.90 1.25 1.21 0.87 0.79 1.25 1.06 0.79 1.17 0.80 0.80 0.84 
AIA 17.83 12.19 17.76 15.06 17.36 17.77 15.64 15.47 14.57 16.05 15.32 16.36 16.41 16.41 
FeA 3.87 3.66 4.33 3.61 4.52 3.93 2.05 4.23 4.33 2.45 3.49 3.05 2.71 3.17 
FeO 3.38 5.44 3.46 4.88 4.31 3.29 4.19 4.68 4.53 3.92 5.00 3.37 3.63 3.60 
MnO 0.17 0.16 0.17 0.17 0.19 0.16 0.19 0.18 0.18 0.15 0.15 0.17 0.15 0.17 
MgO 3.31 14.08 3.21 7.62 4.69 3.00 4.32 5.14 7.30 4.27 6.81 4.50 4.68 4.75 
CaO 8.97 10.73 9.47 10.11 9.62 8.58 8.77 10.29 11.40 7.95 9.89 8.59 8.40 8.42 
Na:P 5.06 1.96 4.32 3.75 4.52 4.64 3.46 4.01 2.51 3.76 3.39 3.92 4.13 4.28 
K:P 1.32 1.54 1.86 1.61 1.61 1.57 1.49 1.40 1.33 1.90 1.38 1.84 1.38 1.69 
P20s 0.47 0.60 0.46 0.61 0.70 0.44 0.32 0.70 0.41 0.32 0.61 0.32 0.33 0.35 
Hz(>- 0.38 0.39 0.24 0.25 0.23 0.26 0.32 0.31 0.29 0.23 0.31 0.29 0.26 0.24 
H:z(>t- 1.78 3.10 1.67 2.53 2.17 1.85 2.55 2.88 2.51 2.69 3.01 2.06 2.51 2.11 
COz 1.89 1.46 3.58 4.23 2.17 3.54 7.27 5.58 6.93 4.49 4.96 5.22 4.05 2.91 
s 0.16 0.10 O.IJ 0.04 O.OJ 0.02 Q.15 O.QI 0.09 Q.J~ Q,IQ 0.~3 O.H O.JZ 
I!HIII 22.S2 22.13 22.12 22.211 22.S6 22.62 1QQ, 16 1QQ,H 22,S2 22.16 1QQ,Q1 1QQ,J2 1QQ,16 22.S2 
Fel+JFel+ 1.03 0.61 1.13 0.67 0.94 1.07 0.44 0.81 0.86 0.56 0.63 0.81 0.67 0.79 
MG 25.97 82.01 26.17 49.12 34.93 24.39 29.83 37.31 47.95 29.71 45.12 30.84 31.67 32.55 
Ba 455 325 425 360 495 425 245 420 305 485 390 405 410 395 
Rb 20.0 45.0 41.5 42.0 29.0 31.5 39.5 31.0 44.0 42.0 37.5 41.0 30.0 36.0 
Sr 840 630 740 680 975 705 680 835 665 725 765 710 740 690 
Pb 4 7 4 19 31 4 25 14 15 11 26 10 9 10 
Th 9.0 7.0 5.5 7.0 10.0 6.5 8.0 10.0 5.0 8.0 7.0 8.5 7.5 8.0 
u 2.0 1.5 2.0 1.0 3.5 2.5 2.0 2.0 1.0 3.0 2.0 2.0 2.5 2.5 
'h 159 120 108 133 159 121 150 145 107 143 139 140 145 145 
Nb 76.0 49.5 54.0 51.0 69.0 61.0 66.0 63.0 42.5 66.0 59.0 66.0 67.0 67.0 
y 19 16 18 17 19 18 15 21 16 15 18 15 15 15 
u 36 32 32 35 41 30 31 39 24 29 35 30 30 30 
Ce 70 65 60 70 82 58 58 79 48 57 73 59 59 58 
Sc 20 33 18 29 18 19 27 25 42 27 29 25 27 26 
v 252 238 297 242 279 230 200 286 272 203 269 199 203 207 
Cr 19 780 5 273 28 6 106 72 246 118 222 110 118 121 
Ni 14 388 10 111 29 8 38 41 77 41 95 42 44 46 
Cu 198 66 89 74 110 130 67 94 93 62 85 69 82 70 
Zn __ 86_ _____ 104 66 97 127 74 11~ IH 96 2J )OJ 109 7'1 90 
Table Al.l, cont. (v) 
Dept. Geol. # RJR-57* RJR-58 RJR-59 RJR-60* RJR-61 RJR-62 RJR-63 RJR-64 RJR-65* RJR-66 RJR-67* RJR-68 RJR-69 RJR-70 
Field# PS57 PS121 PS66 PS96 PS136 PS122 P82 PS37 PS146 PS148 PSI P44 P40 PS89 
ANU# 88-11 
Lithologyl Misc,H FP,M FP,M FP,M FP,M FP,M Misc,B Misc,B Rom,H Rom,CM,H Taw,M Sed,Mdst Sed,Mdst FP,M 
Alteratjou2 1-B/C 1-C 11-C 1-B/C 1-B/C 1-B/C 1-C 1-C 1-B 1-B/C 1-B 1-A 1-B 11-D 
SiO:l 43.25 46.23 46.93 48.25 49.48 49.18 42.92 40.83 44.33 44.59 53.37 57.93 55.58 42.91 
TiO:l 1.17 0.92 0.67 0.88 0.82 0.78 1.03 1.11 1.12 1.11 0.77 0.89 0.93 0.75 
AIA 14.78 t5.o4 14.26 t5.50 16.11 16.02 14.29 12.02 16.46 t6.54 t8.t4 t6.24 18.53 t5.32 
FeA 2.77 3.34 1.80 3.01 3.07 2.74 3.54 2.82 2.92 3.26 3.57 1.24 1.02 1.39 
FeO 5.66 4.27 3.23 4.06 3.75 3.69 5.29 6.36 5.61 5.17 2.99 4.19 5.78 3.58 
MnO 0.15 0.15 0.25 0.16 0.17 0.16 0.15 0.21 0.18 0.14 0.16 0.05 0.10 0.28 
MgO 7.33 6.37 3.24 5.73 4.60 4.45 7.64 12.69 5.46 5.10 3.19 1.35 1.79 3.51 
CaO 10.23 9.78 7.15 9.61 8.88 8.84 9.51 9.73 10.39 11.81 7.90 3.03 1.42 9.74 
Na:zO 3.10 3.47 1.59 3.27 3.59 3.31 3.39 0.88 4.67 3.14 4.98 1.34 0.82 0.11 
K:zO 1.54 1.34 4.24 1.90 1.23 1.39 0.48 2.21 0.89 1.20 1.38 2.60 4.71 4.35 
p2~ 0.61 0.38 0.27 0.34 0.33 0.32 0.40 0.57 0.53 0.55 0.34 0.09 0.10 0.31 
H:zO- 0.27 0.21 0.31 0.20 0.22 0.25 0.49 0.36 0.19 0.18 0.29 1.34 0.58 0.56 
Hz()t 3.11 2.55 1.80 2.5 I 2.59 2.42 3.16 4.33 2.64 2.17 2.13 2.54 2.63 2.42 
COz 5.68 4.61 13.03 4.55 4.15 6.12 6.82 5.18 3.93 3.03 0.37 7.85 6.53 13.49 
s 0.50 0.37 1.60 0.32 0.46 0.21 0.21 0.14 0.07 0.02 0.01 0.85 0.25 0.73 
Total 100.15 99.03 100.31 100.29 99.45 99.88 99.32 99 44 99,39 98.01 99.59 101.53 100.77 99.45 
Fe3+JFe2+ 0.44 0.70 0.50 0.67 0.74 0.67 0.60 0.40 0.47 0.57 1.07 0.27 0.16 0.35 
MG 47.71 41.73 22.83 37.85 31.89 30.65 49.70 75.35 38.56 36.58 24.46 14.08 18.20 24.14 
Ba 335 305 320 415 370 325 340 295 280 315 435 160 195 200 
Rb 35.5 39.5 112.0 44.0 29.0 31.0 9.0 87.0 21.5 31.5 24.0 114.0 158.0 122.0 
Sr 755 640 139 665 705 660 730 625 750 785 755 130 97 146 
Pb 9 12 22 9 108 22 2 10 5 6 3 16 2 10 
Th 6.5 6.0 7.0 6.0 9.0 6.5 4.5 3.5 6.0 6.0 9.0 11.5 11.0 8.5 
u 1.0 0.5 2.5 2.0 2.0 2.0 1.5 1.5 1.5 2.0 2.0 2.5 2.5 2.5 
'h 134 123 139 127 144 140 97 114 132 136 144 229 173 152 
Nb 59.0 52.0 62.0 59.0 65.0 67.0 40.5 48.0 55.0 58.0 61.0 9.0 8.5 65.0 
y 17 15 15 15 15 15 16 16 17 18 17 23 21 15 
La 34 27 26 28 30 30 21 30 26 31 32 23 23 30 
Ce 69 54 53 53 59 56 41 60 54 62 58 56 57 57 
Sc 29 29 20 30 28 28 44 31 37 39 20 22 24 23 
v 279 228 347 230 210 206 287 253 316 304 196 199 239 233 
Cr 243 213 84 170 136 110 214 815 55 42 16 82 86 109 
Ni 106 84 22 59 48 40 62 366 28 26 11 20 26 30 
Cu 79 96 128 60 104 88 68 47 45 43 50 7 16 46 
Zn lOS 106 243 76 260 191 74 170 ]19 80 61 90 52 II !I 
Table Al.l, cont. (vi) 
Dept. Geol. # RJR-71 RJR-72 RJR-73 RJR-74 RJR-75 RJR-76 RJR-77 RJR-78 RJR-79 RJR-80 RJR-81 RJR-82 RJR-83 RJR-84 
Field# PS68 PIS PS126 PS151 P31 P30 PS40 PS119 PS113 PS17 P49 PS85 PS98 PS81 
ANU # 89-627 89-626 
Lithologyl Sed,Mdst Sed,Mdst Sed,CA Sed,CA Sed,Mdst Sed,Mdst Sed,Mdst Rom,H? Rom,H? HD4,M? HD2,H? FP,M FP,M FP,M 
A!teration 2 11-P U-P I-A 1-B I-B 11-P 11-P 11-P 11-P 11-P 11-P 11-P 11-P 11-P 
Si02 52.85 56.51 42.54 34.02 53.99 54.39 60.54 47.03 47.39 59.20 41.47 41.58 43.11 46.56 
Ti~ 0.85 0.95 0.53 0.48 0.90 0.94 0.89 0.72 0.74 0.45 1.22 0.69 0.76 0.72 
AlA 16.35 19.21 8.81 8.22 18.03 18.67 16.98 16.96 17.59 11.2s 16.88 13.92 14.59 15.13 
Fe:P.J 3.57 1.68 0.77 1.38 1.26 3.68 2.90 3.57 1.97 0.76 3.29 1.82 1.64 1.18 
FeO 1.10 5.08 2.51 1.52 4.95 3.31 1.11 2.46 3.05 2.39 2.60 3.85 4.06 4.50 
MoO 0.34 0.09 0.04 0.24 0.10 0.04 0.26 0.26 0.26 0.14 0.28 0.38 0.25 0.17 
MgO 1.14 1. 72 1.29 0.95 1.79 1.75 1.29 2.52 2.66 1.11 3.07 4.07 3.87 3. 79 
CaO 5.80 2.87 20.75 26.59 2.68 l.S 1 2.03 6.04 6.57 4.33 8.17 10.93 9.78 7.32 
Na:P 0.17 1.23 0.29 0.03 0.59 0.40 0.12 3.46 4.44 1.35 0.11 0.06 1.35 2.73 
K:P 4.96 4.23 1.95 2.44 4.63 5.50 5.11 3.95 3.69 4.17 4.98 3.81 3.50 2.96 
pl~ 0.08 0.12 0.17 0.14 0.10 0.09 0.08 0.43 0.48 0.20 0.74 0.28 0.32 0.30 
HzO- 0.26 0.42 o.ss 0.03 0.52 0.46 0.39 0.20 0.22 0.74 1.05 0.61 0.46 0.30 
H:P+ 2.55 3.23 1.62 1.48 3.06 2.71 2.49 1.70 1.54 2.29 2.74 2.26 1.99 3.52 
CX)z 7.42 3.43 18.40 21.87 5.90 5.22 4.32 8.82 9.26 5.67 12.05 14.83 10.04 11.01 
s 2.57 0.69 0.3 8 1.04 0.56 2.31 2.33 2. 70 1.46 0.26 1.92 1.22 1.14 0.88 
Total 100.01 101.46 100.60 100.43 99.06 100.98 100.84 100.82 101.32 100.31 100.57 100.31 100.86 101.07 
Fel+JFe2+ 2.92 0.30 0.28 0.82 0.23 1.00 2.35 1.31 0.58 0.29 1.14 0.43 0.36 0.24 
MG 11.66 17.71 10.86 8.56 17.35 17.90 11.58 20.40 19.91 9.79 22.97 27.83 26.91 26.55 
Ba 325 260 150 140 235 235 250 385 250 560 505 585 100 330 
Rb 190.0 159.0 77.0 92.0 181.0 199.0 175.0 111.0 101.0 91.0 116.0 98.0 90.0 75.0 
Sr 80 108 450 192 90 86 42 95 115 284 148 329 160 665 
Pb 8 6 20 28 2 4 189 41 6 15 23 15 11 55 
Th 10.5 11.0 6.5 7.0 12.5 11.5 13.0 14.0 12.5 17.5 9.0 7.0 8.0 7.5 
u 2.5 2.5 2.0 1.0 2.5 3.0 2.5 4.5 4.5 6.0 9.5 2.0 2.5 2.0 
1z 153 162 142 121 168 166 187 251 234 203 155 120 139 142 
Nb 8.0 8.5 6.5 s.s 8.0 9.0 9.0 109.0 104.0 97.0 73.0 57.0 59.0 62.0 
y 21 23 20 19 23 22 18 18 19 14 20 15 15 14 
La 15 23 17 18 22 23 21 41 40 40 36 30 28 26 
Ce 41 56 31 32 54 59 55 78 78 67 81 57 55 51 
Sc 23 27 15 15 25 26 23 14 14 5 16 22 27 24 
v 226 268 88 110 233 245 198 202 209 104 935 220 239 192 
Cr 80 91 66 60 87 84 84 11 10 5 38 102 145 105 
Ni 16 31 20 10 24 23 11 7 7 4 26 23 39 28 
Cu 6 13 19 19 23 4 39 87 14 83 97 53 48 78 
Zn ___ 53~~-41 48 182 J8 ~~ 915 112 58 )58 81L 114 84 IS~ 
Notes to Table Al.l: 
MG = lOOxMg(Mg+~e). 
1. The name of the intrusive body (or sediment) from which the sample was obtained 
is followed by the lithology. Abbreviations: B =alkali basalt, CA =calc-arenite, 
CM = chilled margin, FP = feldspar porphyry, G = alkali gabbro, H = hawaiite, 
HD2,3,4 = HD2,3,4 intrusions, M = mugearite, mdst = mudstone, Mise = 
miscellaneous small intrusion, Ram = Rambari intrusion, Rom= Roamane 
intrusion, Sed = Chim Formation sediment, Ser = sericitized, Taw = Tawisakale 
intrusion. 
2. Alteration classification is modified after Fleming et al. (1986), who recognized 
three main phases of alteration. Phase I alteration is characterized by propylitic 
assemblages, Phase II by sericite-carbonate-silica alteration , and Phase ill by 
silicification associated with D-type v~ins. To these classifications are added 
intensity-related modifiers: 
I-A = unaltered, 
I-B =weak propylitic or deuteric alteration, variably affecting groundmass; all 
intrusive rocks show at least this degree of alteration, 
I-B/C =moderate propylitic or deuteric alteration, partially affecting phenocrysts, 
I-C = strong propylitic alteration, affecting groundmass and phenocrysts, 
I-D =pervasive propylitic alteration; all primary minerals except apatite replaced, 
II-C =strong sericitic alteration, affecting groundmass and phenocrysts, 
II-D =pervasive sericitic alteration; all primary minerals except apatite replaced. 
Table Al.2. INA analyses of selected altered and unaltered samples from the PIC. 
Elementl RJR-7 RJR-9 RJR-18 RJR-27 RJR-38 RJR-43 RJR-45 
Rf.lm,H HDJ,M HDJ,M Ram,G Mis~.M HDJ,M HDJ,M 
Sc (1) 30 14 12 29 20 15 13 
Cr (1) 45 19 3 92()2 28 19 4 
Sb (0.05) 0.35 0.40 0.25 0.50 0.10 0.10 0.70 
Cs (0.1) 0.6 1.9 2.0 2.0 5.3 0.5 4.1 
Hf (0.1) 2.7 3.6 3.0 2.5 3.1 3.4 2.7 
Ta (0.1) 2.7 4.1 3.2 2.8 3.3 3.7 2.7 
Th (0.1) 4.7 8.2 6.5 5.4 6.0 7.5 5.3 
u (0.2) 2.0 2.7 2.2 1.3 1.8 2.4 1.8 
La (0.5) 32.5 43.0 36.0 38.0 37.5 40.5 35.5 
Ce (1) 63 79 68 74 71 76 67 
Nd (0.5) 28.0 31.5 28.0 32.0 29.5 31.0 28.0 
Sm (0.1) 5.0 5.0 4.6 4.7 5.0 5.0 4.7 
Eu (0.01) 1.71 1.63 1.53 1.77 1.67 1.62 1.59 
Gd (0.1) 4.7 4.6 4.2 4.5 4.3 4.5 4.3 
Th (0.02) 0.82 0.79 0.71 0.89 0.79 0.77 0.71 
Ho (0.05) 0.75 0.85 0.85 0.70 0.80 0.90 0.90 
Yb (0.02) 1.49 1.91 1.81 1.36 1.83 1.86 1.75 
Lu (Q,OO~} Q.2~ 0,29 0.27 Q.22 Q.28 Q.28 Q.26 
Elementl RJR-53 RJR-56 RJR-60 RJR-14 RJR-23 RJR-70 RJR-78 
Mis~.H FP,M FP,M HDJ,ProJ2 Ram,PrQll FP,Ser Rom,S~r 
Sc (1) 22 21 24 36 31 17 9 
Cr (1) 2352 130 1852 69()2 73o2 112 9 
Sb (0.05) 0.30 0.50 0.60 2.80 0.70 22.00 1.40 
Cs (0.1) 3.4 2.9 2.7 5.7 5.2 4.8 2.0 
Hf (0.1) 2.9 3.1 2.8 1.7 2.0 2.9 4.2 
Ta (0.1) 2.9 3.3 3.0 1.5 2.0 3.1 5.2 
Th (0.1) 6.2 6.7 5.6 2.2 3.4 6.1 12.1 
u (0.2) 1.4 2.4 2.0 0.8 1.1 2.5 3.6 
La (0.5) 37.5 34.0 31.0 16.0 26.0 32.0 50.0 
Ce (1) 73 63 59 32 51 58 89 
Nd (0.5) 31.0 25.0 24.0 14.0 23.0 22.5 32.0 
Sm (0.1) 5.1 4.1 3.9 2.9 4.0 3.6 4.7 
Eu (0.01) 1.71 1.35 1.37 1.04 1.36 1.21 1.48 
Gd (0.1) 4.8 3.5 3.6 3.0 3.5 3.3 4.0 
Th (0.02) 0.84 0.71 0.70 0.61 0.73 0.61 0.74 
Ho (0.05) 0.70 0.75 0.65 0.55 0.60 0.65 0.95 
Yb (0.02) 1.56 1.45 1.44 1.37 1.30 1.34 1.83 
Lu m.Qn 0.24 0.23 0.23 0.22 0.2Q Q.21 Q.28 
Notes to Table Al.2: 
1. Analytical precision indicated in parentheses. 
2. XRF values for Cr more reliable at high concentrations. 
Abbreviations: FP =feldspar porphyry, G =alkali gabbro, H =hawaiite, HD3 = HD3 
intrusion, M = mugearite, Mise = miscellaneous small intrusion, Prop = propylitized, 
Ram = Rambari intrusion, Rom = Roamane intrusion, Ser = sericitized. 
Table Al.3. CIPW normative compositions of samples discussed in Section 3. 
Component RJR-3 RJR-6 RJR-7 RJR-8 RJR-9 RJR-12 RJR-13 RJR-16 
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(X' 5.02 8.86 5.79 5.85 10.93 5.79 10.05 9.46 
ab 19.65 24.33 20.09 22.71 37.25 20.88 41.63 35.85 
an 26.24 26.01 26.66 28.11 21.58 26.98 22.14 23.72 
ne 7.00 6.81 7.87 5.81 4.76 8.31 2.80 3.91 
di 26.02 19.30 23.83 21.87 14.53 23.01 13.11 15.50 
hy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ol 5.04 4.89 4.93 5.59 2.10 5.34 1.83 2.11 
mt 7.18 6.23 7.06 6.34 6.02 6.03 5.81 6.42 
il 2.41 2.15 2.34 2.32 1.75 2.26 1.63 1.94 
ap 1.44 1.44 1.44 1.42 1.09 1.42 1.00 1.09 
Component RJR-17 RJR-18 RJR-19 RJR-20 RJR-21 RJR-22 RJR-27 RJR-28 
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(X' 9.75 9.51 9.34 13.47 5.02 7.15 6.97 8.69 
ab 36.59 36.66 36.86 32.38 8.44 31.76 9.13 19.64 
an 24.77 23.17 23.98 23.04 20.73 25.74 22.94 22.27 
ne 2.68 4.21 3.78 3.68 8.17 4.16 4.68 8.66 
di 14.14 16.03 15.38 15.16 27.56 16.21 24.60 21.77 
hy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ol 2.58 1.30 1.85 3.32 21.51 5.29 22.11 11.79 
mt 6.51 6.35 6.03 5.96 4.94 6.26 5.64 2.99 
il 1.86 1.73 1.71 1.92 2.28 2.17 2.32 2.68 
ap 1.14 1.05 1.07 1.09 1.35 1.25 1.60 1.51 
Component RJR-34 RJR-35 RJR-36 RJR-38 RJR-39 RJR-43 RJR-44 RJR-46 
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
(X' 6.74 7.21 12.41 10.70 9.93 8.16 9.69 10.34 
ab 30.16 17.95 13.56 26.13 37.32 37.86 7.03 15.15 
an 27.46 21.36 23.19 24.82 22.91 23.09 21.18 21.12 
ne 3.37 9.26 8.06 6.84 0.00 3.83 5.73 10.45 
di 18.57 22.06 23.45 20.17 12.96 16.17 24.69 23.00 
hy 0.00 0.00 0.00 0.00 2.05 0.00 0.00 0.00 
ol 4.90 11.97 10.14 1.54 5.61 2.05 22.27 10.16 
mt 5.42 6.00 5.12 6.67 5.76 5.89 5.64 5.67 
il 2.17 2.64 2.49 1.99 2.03 1.82 2.30 2.58 
ap 1.23 1.56 1.58 1.14 1.44 1.14 1.49 1.53 
Component RJR-48 RJR-51 RJR-53 RJR-56 RJR-57 RJR-60 RJR-65 RJR-67 
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.67 
(X' 9.87 8.75 8.92 10.64 10.05 12.11 5.67 8.45 
ab 38.91 14.18 22.39 38.05 16.61 29.16 19.93 43.58 
an 24.49 27.37 24.55 21.85 24.16 23.72 23.01 23.79 
ne 1.57 5.16 4.83 0.25 6.68 0.38 12.35 0.00 
di 14.09 25.89 19.63 16.04 22.05 20.18 23.42 11.42 
hy 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.43 
ol 2.15 8.36 10.18 5.77 12.02 7.07 7.42 0.00 
mt 6.06 7.00 5.52 4.89 4.44 4.71 4.57 5.35 
il 1.77 2.24 2.43 1.69 2.45 1.80 2.30 1.52 
ap 1.09 1.07 1.56 0.86 1.56 0.86 1.32 0.81 
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APPENDIX 2: Isotope Geochemistry Procedures and Results 
1 • Procedure for Bomb Dissolution of Samples for Sm-Nd and Rb-Sr 
Analysis: 
NOTE: All reagents are assumed to be distilled or otherwise purified. Whole-rock 
samples are aliquotted from powders ground in a tungsten-carbide mill. 
1. Add a few drops Milli-Q H20 to pre-cleaned teflon bomb capsule. Use zerostat to 
neutralize static on the teflon. 
2. Weigh in sample, ensuring all powder is wetted - wash walls of capsule down 
with a few drops of Milli-Q H20 if necessary. 
3. Weigh in spike. 
• If any carbonate is present, add a few drops of IN HC1 and evaporate to dryness 
in clean-air hood. Wet with a few drops of Milli-Q H20 first. 
4. Add- 1ml HF + 5 drops HN03. 
5. Evaporate to dryness overnight on hotplate (- l20°C). [Silica is driven off as 
SiF6]. 
6. Allow to cool. Add 1 - 2ml HF + 5 drops HN03. 
7. Close capsule, place in bomb jacket, and leave in oven at 200°C overnight. 
8. Remove from oven and allow to cool. Remove capsule from jacket and wipe 
exterior with clean damp tissue. Open carefully in clean-air hood, tapping capsule 
to knock down any drops of solution adhering to the lid. 
9. Add 5 drops HCl04 and swill gently. 
10. Evaporate to dryness overnight on hotplate (-150°C); brown oxides may form. 
11. Allow to cool. Add enough 4N HCl to cover bottom of capsule. 
12. Evaporate to near ~ess (not dry). 
13. Allow to cool. Add- 3.5ml1N HCl to make- 4m11N HCl solution. 
14. Replace lid and leave to dissolve for a few hours (cold), swilling occasionally. 
15. Pour solution into clean centrifuge tube, and spin for 15 mins at 3000 rpm. 
16. Extract top half (2ml) of solution with clean disposable glass pipette, and load 
carefully onto ion-exchange column. 
17. Follow column intructions for Rb, Sr, REE separations. 
2 • Procedure for Galena Lead Analysis: 
All reagents are assumed to be distilled or otherwise purified, but purities 
comparable to those required for trace-Pb analyses are not necessary. Dissolution is 
carried out in large (-25 ml) screw-cap Savillex beakers, which should be cleaned in the 
normal fashion and refluxed in 6N HCl for at least a day prior to use. Transferral of 
aliquots is carried out with a P20 micropipette, using cleaned yellow pipette tips. 
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1. Hand pick several mg of fresh galena cubes to exclude weathered surfaces. 
2. Clean the galena with acetone, then Milli-Q H20 in an ultrasonic bath. Wash 
thoroughly with Milli-Q H20. 
3. Allow to dry, then hand pick -2 mg of the freshest fragments, and accurately 
weigh into a 25 ml Savillex beaker (this operation can be done in the weighing 
room opposite the K lab). 
4. In a clean-air hood (e.g. in the Lunar lab or K lab), add 1-2 ml 6N HCl, and cap 
the beaker. Warm on hotplate at l20°C overnight. 
5. Allow to cool, then remove cap and evaporate to dryness. White PbCl2 crystals 
should form, but impurities such as Fe (from pyrite inclusions in the galena, for 
instance) may colour the precipitate yellow or brown. These impurities may cause 
instability in the mass spectrometer, and should be removed by washing with 
small aliquots (e.g., 250 J.L).) of 4N HCl, using a micropipette; simply squirt the 
precipitate a few times, then draw off and discard the acid. Two or more washes 
may be needed for very dirty samples. Dry thoroughly on a hotplate (it is 
important that no free HCl should be present in the precipitate, as this will cause 
the load to spread on the filament). 
6. In order to load -200 ng Pb into the mass spectrometer, dilute the sample with 
-20 ml Milli-Q H20 (warm gently to promote dissolution and mixing), then load a 
2-4 J.L]. aliquot (depending on the mass of the sample) onto the filament 
7. Dry at -1 A, then place a 4 ~1 drop of mixed H3P04 and silica gel (1: 1 mix) on 
the precipitate. 
8. Dry for several minutes at 1 A, then slowly increase the current in 0.05 A steps to 
-2.0 A over a period of 15 to 20 minutes, watching for the first appearance of 
glowing (turn the lights down). 
9. When glowing is first noticed, hold at that current for a few minutes, then 
increase current by -0.2 A and hold for -20 seconds. Turn down, and load in 
mass spectrometer. 
10. DOUBLE-SPIKING: At step 6, take half the volume of sample solution(= 100 
ng Pb) and mix with 4 ~1 of double spike (= 100 ng Pb) on a sheet of parafilm. 
Then load as before. 
3 . Procedure for Trace Lead Analysis using 250~1 anion-exchange 
columns: 
Hand-specimens of whole-rock samples were carefully selected to exclude 
veinlets, xenoliths, etc, and washed to remove surface contamination. After drying, 
each sample was double wrapped and sealed in a plastic bag, and was coarsely crushed 
in a hydraulic press, or with a single heavy hammer blow. The sample was carefully 
unwrapped, and small (25 - 100 mg) shards and fragments from the centre of the 
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specimen (with no external surfaces) were picked out with clean plastic tweezers, and 
placed in a clean, stoppered glass vial. Non-porous samples (e.g., igneous rocks) were 
then ultrasoned in distilled acetone followed by Milli-Q water, and then dried. 
1. For S 10 ppm Pb, use ~100 mg sample (-50 mg for ~10 ppm). 
2. Weigh samples into clean dissolution vials* or bombs. 
3. Add 1-2 ml HF, 5-10 drops c.HN03. 
4. Seal vials/bombs and heat overnight (or until dissolved). Cool. 
5. Remove caps and evaporate to dryness. Cool. 
• OPTIONAL: If organics present, add one drop HCl04 prior to evaporation, but 
note that strong heating is required to drive off the HCl04 (perchlorate must be 
completely removed, as it will affect the anion-exchange capacity of the resin). 
6. Half fill vials with 6N HO; seal and heat overnight at -l20°C. Cool. 
7. Remove caps and evaporate to dryness. Cool. 
8. Add -0.5 ml 1.2N HBr, swirl to dissolve sample, then evaporate to dryness at 
-120°C. Cool. [This step ensures Pb is in the bromide form]. 
9. If analyzing U and Pb by isotope dilution, accurately pipette 0.5 or 1 mlJ.2N 
HBr into vial (depending on sample size); otherwise add -0.25 ml1.2N HBr. 
Seal and leave to stand £Qkl for a few hours or overnight 
10. For isotope dilution, carefully pipette a known fraction of the supernatant solution 
into a clean beaker, seal and set aside for future use; if greater accuracy is 
required, it may be necessary to do a separate spiked dissolution step. 
11. Pour remaining solution into a pre-cleaned, equilibrated (with 1.2N HBr) 
centrifuge tube, and spin at 3000 rpm for -30 sees. Alternatively, simply load 
clear supernatant solution direct from dissolution vial onto column with a pipette. 
12. Load HBr solution onto prepared columns (3 x [6N HCl, H20], 1.2N HBr). 
13. Pass 3-4 x resin volume 1.2N HBr (best done in 3-4 steps) 
14. Pass 2 x resin volume 12N HO (2 steps) 
15. Collect 4 x resin volume 6N HCl (Pb cut) in clean teflon or PMP beaker. 
16. Evaporate to dryness at -l20°C. Cool. 
17. Add -o.25 ml1.2N HBr, then evaporate to dryness at -120°C. Cool. [This step 
ensures Pb is in the bromide form]. 
18. Add -o.25 mlJ 2N HBr, seal and leave cold for a few hours to dissolve Pb. 
19. Meanwhile, wash columns and equilibrate as before. 
20. Reload samples and repeat column chemistry. 
21. Meanwhile, clean collection beakers: rinse with Mil/i-Q H20, fill with 6N HCl 
and heat gently until needed (do not evaporate dry). Cool, then rinse 4 x M.illi-Q 
H20. 
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22. Collect Pb in cleaned beakers with 4 x resin volume 6N HCI. 
23. Add 2 drops H3P04; evaporate down. 
24. Add 2 drops c.HN03 (to destroy resin); evaporate down. 
25. Add a few drops 6N HCl; evaporate down. Sample is ready to run. 
Isotope Dilution: 
26. Add spike to sample solution aliquot, and dry down. 
27. Add -Q.25 ml 12N HBr; dry down. Cool. 
28. Add -Q.25 m112N HBr, and leave to dissolve cold for a few hours. 
29. Load columns as before, but collect a111.2N HBr and 12N HCl washings in a 
clean teflon beaker (U cut). Collect Pb cut and repeat column chemistry as 
before. 
30. Dry down U cut; add a few drops 7N HN03 and dry down. Cool 
31. Add -Q.25 ml 7N HN03, and leave to dissolve cold. 
32. After Pb chemistry is complete, wash columns with Milli-Q H20 then condition 
with 7N HNOJ. 
33. Load U samples, wash 3-6 x resin volume 7N HN03. 
34. Collect 1 x resin volume Milli-Q H20, then 2-3 x resin volume 0.5N HCl. 
35. Add 2 drops H3P04, then dry down cut; add a few drops c.HN03, dry down; 
add a few drops 6N HCl, dry down. Sample is ready to run. 
36. Invert columns and backwash with Milli-Q H20 then distilled acetone to dislodge 
resin; repeat until all resin is removed. Add c.HN03 to destroy any remaining 
resin. Wash with 2 x [H20, 6N HCl] then store in 6N HCI. 
• NOTE: Savillex beakers do not appear to clean up very well for Pb; after the normal 
cleaning process, the beakers should be refluxed repeatedly with HF+HN03 over 
a period of 2 to 3 weeks, changing the acid every few days; a final c.HCl reflux 
should be done just prior to use. Bombing may give better blanks, because the 
bombs can be cleaned more thoroughly; alternatively, try to use~ Savillex 
beakers. 
Table A2.1. Nd and Sr isotopic compositions of unaltered and mineralized samples from the Porgera gold deposit. 
Sample## Lithology Rbl srl sm2 N~ [87s r 
86s: (m) 
2Jle6 [87sr! 
86sr i) 
c43Ndr. 
144Nd (m) 2se6 ENd 
2se6 
RJR-7 Roamane,H 16.5 830 s.o 28 0.703562 13 0.103SS1 0.512963 7 6.11 0.13 
RJR-9 HD3,M 32.0 810 s.o 31.5 0.703546 8 0.703536 0.512979 9 6.42 0.17 
RJR-19 HD4,M 26.5 745 0.103SSS 15 0.703546 0.512960 2 6.05 0.04 
RJR-27 Rambari,G 29.5 125 4.7 32 0.703676 13 0.703666 0.512947 7 5.19 0.14 
RJR-38 Misc.,M 36.5 740 s.o 29.5 0.703520 13 0.703508 0.512967 6 6.18 0.12 
RJR-44 Misc.,G 45.0 5923 24.gJ 0.703598 9 0.703579 O.S 12951 s 5.87 0.10 
RJR-53 Misc.,H 37.5 16S 5.1 31 0.704142 18 0.704130 o.s 12924 s 5.34 0.10 
RJR-56 FP,M 36.0 690 4.1 2S 0.703596 14 0.703583 0.512972 s 6.28 0.10 
RJR-67 Tawisakale,M 24.0 73gJ 33.83 0.703558 10 0.103SSO 0.512985 6 6.53 0.12 
RJR-14 Prop.,HD3,CM,H('1) 62.0 464 2.9 14 0.703986 16 0.703953 o.s 12991 3 6.65 0.06 
RJR-23 Prop.,Rambari,CM,B 48.5 383 4.0 23 0.704604 12 0.704573 O.S129S9 7 6.03 0.13 
RJR-65 Prop.,Roamane,H 21.5 1SO 0.703875 12 0.703868 0.512969 4 6.22 0.08 
RJR-70 Ser.,FP,M 122 146 3.6 22.5 0.106605 11 0.706399 0.512994 2 6.71 0.04 
RJR-78 Ser.,Roamane,H 111 9S 4.7 32 0.706156 12 0.705869 0.512958 8 6.01 0.15 
RJR-80 Ser.,HD4,M('1) 91 284 0.706167 8 0.706088 O.S1291S s 6.34 0.10 
RJR-81 Ser.,HD2,H 116 148 0.706089 14 0.705896 0.512972 4 6.28 0.08 
RJR-85 Ser.,Misc.,M(?) 118 3523 46.61 0.706174 11 0.706104 o.s 12961 6 6.07 0.13 
RJR-68 Chim Fm.,Mdst. 111.oJ 1261 s.os3 24.13 0.710762 10 0.710545 o.s 12492 7 -3.08 0.13 
Pl39 Chim Fm.,Mdst. 10S.oJ 2013 5.113 23.gJ 0.709864 9 0.709739 O.S12SOO 6 -2.93 0.11 
P141 Upper Chim Fm.,SillSL 41.83 5643 2.183 11.1J 0.708037 10 0.708019 0.512427 6 -4.34 0.11 
P142 leru Fm.,SsL 2.S:z3 4833 0.433 2.443 0.707807 8 0.707806 0.512400 8 -4.88 0.15 
P143 Darai Lsl. 0.743 S2oJ 0.383 2.133 0.707139 11 0.707139 0.512375 9 -5.37 0.19 
P144(2) Om Fm. 117.oJ 15~ 1.543 36.43 0.715446 12 0.715261 0.512356 7 -5.74 0.14 
RJR-71 Ser. Chim Fm. 190 16.'1J 19.oJ 0.707698 11 0.707114 O.S12S 14 7 -2.66 0.14 
RJR-76 Ser. Chim Fm. 199 89.61 26.43 0.708996 14 0.708427 0.512508 7 -2.71 0.13 
RJR-9 Apatite 43oJ 67o.sJ 0.703480 8 0.703480 0.512978 6 6.40 0.13 
RJR-44 Apatite 19053 S40.S3 0.703467 11 0.703467 0.512964 7 6.12 0.14 
RJR-67 Apatite 5143 821.oJ 0.703417 8 0.703417 O.S1299S 6 6.72 0.11 
RJR-8 Epidote 17873 10.23 0.703545 12 0.703545 0.512952 7 5.89 0.14 
RJR-28 Epidote 33213 16.53 0.703583 8 0.703583 0.512947 8 5.19 0.16 
RJR-39 Epidote 426oJ 39.43 0.703724 7 0.703724 0.512917 6 5.21 0.12 
P3S Dolomite (A-vein)7 0.708003 12 
P36 Dolomite (A-vein)7 0.707482 17 
P38.1 Dolomite (A-vein)7 0.101519 9 
P38.2 Dolomite (A-vein)7 0.707806 9 
P42 Dolomite (A-vein)7 0.707404 s 
P41 Roscoelite (D-vein)7 0.707161 17 
P43b Roscoelite (D-vein)7 0.707799 s 
PBS Gypsum (D-vein)7 0.706714 8 
P122 Gypsum (A-vein)7 0.707145 8 
Pl37 Baryte (A-vein)7 0.706818 6 
Notes to Table A2.1: 
1. Analysis by X-ray fluorescence, except where indicated. 
2. Analysis by instrumental neutron activation, except where indicated. 
3. Analysis by isotope dilution. 
4. Measured isotopic ratios are normalized to 86SrJ88Sr = 0.1194, and are relative to 
NBS 987 = 0.710210. Initial isotopic ratios are calculated at 6 Ma using the listed 
concentrations of Rb and Sr. 
5. Measured isotopic ratios normalized to 146NdJ144Nd = 0.7219; ENd values are 
reported relative to (143NdJ144Nd)CHUR = 0.51265. 
6. 2 x standard error of the mean (x IQ-6). 
7. See Table 1 for definition of A- and D-veins. 
Abbreviations: B = alkali basalt, CM = chilled margin, Fm. = formation, FP = feldspar 
porphyry, G = alkali gabbro, H = hawaiite, i = initial isotopic ratio at 6 Ma, Lst = 
limestone, m = measured isotopic ratio, M = mugearite, Mdst = mudstone, Misc. 
=miscellaneous small intrusion, Prop.= propylitized, Ser. = sericitized, Siltst. = 
siltstone, Sst. =sandstone. 
Table A2.2. Pb isotopic compositions of unaltered and mineralized samples from the Porgera gold deposit. 
Sample II Lithology uJ Th Pb1 [206pb] 204pb (m) 
[207pb] 
mpj;' (m) 
[208pb] 
204pb (m) 
[206pb1 
2i!4Pb i) 
[207pb1 
mpj;' i) [208pb1 E4pb i) 
RJR-9 HD3,W 2.13 8.23 s2 18.688 15.562 38.572 18.655 15.560 38.540 
RJR-19 HD4,MS 22 82 s2 18.686 15.559 38.567 18.663 15.558 38.536 
RJR-38 Misc.,Ms t.81 6.o1 ~ 18.681 15.560 38.560 18.654 15.558 38.530 
RJR-44 Misc.,oS 1.5 72 5.6 18.700 15.586 38.666 18.684 15.586 38.641 
RJR-53 Misc.,Hs 1.41 6.23 3.8 18.709 15.589 38.677 18.687 15.588 38.645 
RJR-67 Tawisakale,W 22 ~ 32 18.682 15.548 38.512 18.642 15.546 38.454 
RJR-68 Chim Fm.,MdsL 2.0 11.52 16.6 18.762 15.627 38.811 18.755 15.627 38.798 
RJR-69 Chim Fm.,MdsL 1.4 112 1.68 18.880 15.633 38.964 18.829 15.630 38.834 
RJR-73 ChimFm.,CA 2.9 6.52 5.28 18.839 15.640 38.910 18.806 15.639 38.886 
RJR-75 Chim Fm.,MdsL 1.60 12.s2 0.96 18.904 15.635 39.047 18.803 15.630 38.788 
P139 Chim Fm.,MdsL 2.02 1o4 14.5 18.810 15.633 38.886 18.801 15.633 38.872 
P144(1) OmFm.,MdsL 1.53 1o4 23.5 18.644 15.636 38.799 18.640 15.636 38.790 
P144(2) Om Fm.,MdsL 1.87 1o4 21.1 18.700 15.636 38.824 18.694 15.636 38.814 
P144(3) Om Fm.,MdsL 1.79 1o4 28.0 18.662 15.637 38.799 18.658 15.637 38.792 
RJR-78 Roamane,Ser.,H 3.61 12.13 7.59 18.694 15.607 38.724 18.665 15.606 38.692 
RJR-81 HD2,Ser.,M 9.52 ~ 16.6 18.705 15.602 38.703 18.671 15.600 38.692 
P4 Mixed Sulfides (0-vein) 18.673 15.604 38.694 
P72 Mixed Sulfides (0-vein) 18.678 15.611 38.718 
P4 Gold (0-vein) 18.672 15.603 38.689 
P4 duplicate 18.671 15.602 38.689 
P72 Gold (0-vein) 18.670 15.602 38.689 
P72 duplicate 18.673 15.604 38.692 
P35 Galena (A-vein) 18.672 15.603 38.693 
P36 Galena (A-vein) 18.671 15.605 38.690 
P54 Galena (A-vein) 18.673 15.602 38.688 
P58 Galena (A-vein) 18.664 15.600 38.673 
P73 Galena (A-vein) 18.671 15.606 38.697 
P103 Galena (A-vein) 18.685 15.610 38.721 
P103 duplicate 18.686 15.612 38.725 
P131 Galena (A-vein) 18.674 15.603 38.692 
P145 Galena (A-vein) 18.674 15.603 38.691 
PS3 Galena (A-vein) 18.674 15.601 38.682 
PS69 Galena (A-vein) 18.669 15.600 38.675 
PS75 Galena (A-vein) 18.659 15.598 38.657 
PS75 duplicate 18·.656 15.595 38.649 
Notes Table A2.2: 
1. Analysis by isotope dilution, except where indicated. 
2. Analysis by X-ray fluorescence. 
3. Analysis by instrumental neutron activation. 
4. Estimate, based on concentrations and Uffh ratios in similar rocks. 
5. Listed isotopic ratios are the average of the best of four separate analyses, selected 
on the basis of precision and double-spike ratio. 
All Pb isotopic ratios are corrected for mass fractionation using a 204Pb, 207pb double 
spike (see text for details). Analytical precision for measured isotopic ratios is± 
0.01% (2se); accuracy for whole-rocks is estimated to be± 0.02%, based on 
repeat analyses of samples and the NBS 981 common lead standard. 
Abbreviations: CA = calc-arenite, Fm. = formation, G = alkali gabbro, H = hawaiite, 
i = initial isotopic ratio at 6 Ma, m = measured isotopic ratio, M = mugearite, 
Mdst = mudstone, Misc. = miscellaneous small intrusion, Ser. = sericitized. 
APPENDIX 3: K-Ar and 40 Ar/39 Ar Sample Preparation, 
and 40 Ar/39 Ar Results 
Hornblende and Biotite Sample Preparation: 
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Samples for K-Ar and 40Arf39Ar analysis (weighing -5 kg) were crushed to pass a 
36# sieve, and 60-85#, and 85-120# fractions were collected. These fractions were 
then u1trasoned and washed to help break up composite grains and remove fines. 
Depending on the sample characteristics, one or both of the fractions were then 
subjected to heavy-liquid mineral separation techniques. Tetra-bromo-ethane (TBE, 
s.g. "" 2.97 g/cm3) was used initially to remove felsic minerals, and then mixtures of 
TBE and methylene iodide (MI, s.g. "" 3.3 g/cm3) were used to separate mafic 
minerals. Clinopyroxene and hornblende showed optimum separation in liquids of 
3.14 to 3.27 g/cm3, but minor chloritization of pyroxenes frequently lowered their 
density to overlap with hornblende with the result that a clean separation was not 
possible. Biotite was separated from hornblende and plagioclase in liquids of 3.08 to 
3.14 g/cm3, but again, clean separations were hard to obtain because of partial 
chloritization of biotite. 
An isodynamic magnetic separator was used to further purify hornblende 
concentrates, with mixed results, depending on the abundance of small magnetite 
inclusions in the hornblende. These inclusions caused an overlap in magnetic 
properties with clinopyroxene. Biotite separates were enriched by vibrating the grains 
on a large tilted watch-glass; the more granular hornblende and clinopyroxene grains 
tended to roll off, whereas the platy biotite stuck to the dish by electrostatic attraction 
(R. Rudowski, personal communication, 1988). 
Final biotite and hornblende concentrates were then handpicked to high purity 
(> 99%) under a binocular microscope, with particular care being taken to remove any 
biotite from hornblende samples (cf. Engels and Ingamells, 1970). Approximately 5 g 
of hornblende and 0.5 g of biotite were picked, to ensure adequate material for repeat 
analyses by both the conventional K-Ar and 40Aff39 Ar methods. 
The samples were carefully aliquotted with a micro-splitter, and potassium 
concentrations were determined in small aliquots by flame-photometry. Larger aliquots 
were either loaded directly into a vacuum-line for conventional K-Ar analysis, or 
packed in aluminium cans, and sent to the Australian Atomic Energy Commission's 
HIF AR reactor at Lucas Heights for irradiation prior to 40 Arf39 Ar analysis. 
Separation of Fine-grained Sericite for K-Ar analysis: 
Fine-grained (1 - 10 J.lm) sericite was separated from contaminants such as quartz 
or plagioclase by exploiting the different settling characteristics in fluids of flaky and 
granular minerals. 
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Samples of sericitized rock were lightly crushed to initially pass a 30# sieve, and 
were then sieved to collect the -200/+300# and -300/+400# fractions. The -400# 
fraction was not used, because it contained very fine-grained fragments of quartz, 
feldspar etc., which would have been hard to remove. 
The two sized fractions were treated with a weak solution of acetic acid to remove 
carbonates. This was done in a large (llitre) beaker set in an ultrasonic cleaner, and the 
mixture was periodically stirred over a period of one to two days. Note: Acetic acid 
was used because it does not attack silicates, whereas a mineral acid such as HCl could 
leach potassium or break up the structure of fine-grained minerals. 
The treated samples were then washed carefully through a 300# and then a 400# 
sieve with water, collecting all of the fines in suspension in a large (5 litre) polythene 
low-form beaker. The process of acid cleaning and washing of the samples 
disaggregated the sericite such that it now passed through the 400# sieve, but grains of 
quartz etc. which originally did not pass 400#, were mostly still retained on the sieve 
and were discarded. This step represented a preliminary enrichment of sericite. 
The acetic acid was carefully washed from the sericite by leaving the suspended 
material to settle for several hours (or overnight), and then pouring or siphoning off the 
supernatant liquid. Fresh water was then stirred in, and the mixture allowed to settle 
again. This procedure was repeated until the beaker no longer smelled of acetic acid. 
Finally, the sample was allowed to settle for as long as possible, and then the 
supernatant water was siphoned off. 
The slurry was transferred to a 3 litre tall-form beaker, absolute ethanol was added, 
and the mixture was stirred vigorously to resuspend all the material. [The lower density 
and viscosity of ethanol (vs. water) allows faster settling]. The beaker was set in an 
ultrasonic bath for an hour or more, and the suspended mixture was then decanted into 
a second beaker, retaining any sedimented material in the first beaker. The second 
beaker was strirred, and the settling procedure repeated. Sediment which accumulated 
at the bottom of the beaker was mostly silt-sized quartz, feldspar etc., and was 
discarded. This procedure was repeated several times until granular contaminants no 
longer settled out. Under the microscope (200x or 400x) the contaminants were easily 
recognized as relatively large (20 to 40 ~m) grains, whereas the sericite appeared as 
clouds of flocculated flakes. It was this tendency of the sericite to flocculate and remain 
in suspension that enabled separation from granular contaminants, which tended to 
sink. However, repeated decanting and stirring, and the action of the ultrasonic bath, 
were needed to help the larger grains settle through the cloud of suspended sericite. 
The purified sample was allowed to settle overnight, and the supernatant water was 
poured off. The slurry was filtered using a 10 or 20 ~m pore-size nylon filter fitted to a 
vacuum flask. A small amount of acetone was added, and the sericite was resuspended 
to form a thick slurry (a powerful ultrasonic bath facilitated this process). The sample 
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was allowed to dry slowly on a warm hot-plate (minimum setting), thus forming a cake 
which could be broken up gently in a pestle and mortar, and mixed to form a 
homogeneous powder. 
In order to handle the sericite in vacuo, the powder was pressed into pellets (0.5'' 
diameter, or smaller, depending on the sample size) using a die and hydraulic press; a 
pressure of 2000 psi was found to be adequate to form a pellet which did not break 
apart when evacuated. 
Table A3.1. Step bearing argon isotopic data and apparent ages for hornblende samples from the PIC. 
Temperature 40Ar 39Ar 38Ar 37Ar 36Ar 40~1 Apparent Age 
'C x1Q·1S mol x1Q·l6mol x1Q-16mo1 xlQ·lS mol x1Q-17 mol % Ma±1<J 
88-8, Step Heat, 180-125J.1.m, 0.883g, J = 0.001511 
1.600 3496±3 326 ± 1 257 ± 1 1069 ± 4 10.3 29.98 ± 1.33 
2700 1753 ±4 402±1 550±2 520±3 15.2 18.09 ± 0.78 
3. 800 1128 ± 1 302±1 125 ± 1 325 ±2 15.7 15.98 ± 0.73 
4. 900 1011 ± 1 334 ±1 86 ± 1 282±5 18.1 14.93 ± 0.60 
5. 1000 1117±1 715±1 402±1 309±3 21.4 9.15 ± 0.41 
6. 1035 1221 ± 1 1326 ±2 1014 ±2 336±2 26.0 6.54 ± 0.17 
7. 1050 1327 ± 1 1951 ±2 1539 ±4 351 ±3 31.9 5.94 ± 0.15 
8. 1060 1139 ± 1 1948 ±2 1550 ±3 291 ±2 36.3 5.81 ± 0.12 
9. 1070 1038 ± 1 2011 ±2 1606±4 252±2 41.7 5.90 ±0.14 
10. 1080 1012 ± 1 2088±2 1671 ±4 238±2 44.9 5.96 ± 0.11 
11. 1090 1046 ± 1 2133 ±3 1712±4 243±2 45.5 6.11 ± 0.14 
12 1100 912± 1 1929±2 1557 ±3 210±2 46.7 6.05 ± 0.12 
13. 1110 811 ± 1 1713±2 1394 ± 3 183 ± 1 48.4 6.28 ± 0.09 
14. 1125 818 ± 1 1745±2 1430 ±3 183 ±2 49.4 6.31 ± 0.12 
15. 1140 670± 1 1388 ±2 1143 ±3 152±2 47.8 6.32 ± 0.19 
16. 1155 623 ± 1 864± 1 721 ±2 160±2 34.3 6.78 ±0.26 
17. 1185 573 ± 1 856 ± 1 712±2 148±2 34.8 6.38 ± 0.25 
18. 1225 628 ± 1 1267 ± 1 1030 ±2 141 ± 1 47.7 6.47 ± 0.17 
19. 1300 458 ± 1 334 ±1 270±1 141 ±2 14.4 5.45 ±0.73 
20. 1500 256 ± 1 108 ±1 86± 1 . 853 ±4 1.7 11.30 ± 4.15 
Total 21037 23740 18855 6387 29.0 7.04 
88-8, Total Fusion, 0.126g 
1.1500 3920±4 3474 ±4 2764 ±6 1084 ±4 24.4 7.54 ± 0.12 
88-13, Step Heat, 180-l25J.1.m, 0.844g, J = 0.001491 
1.600 3656 ±4 110 ± 1 49 ±1 59±1 1086 ±5 12.4 108.09 ± 5.92 
2700 2453 ±2 171 ± 1 50 ±1 103 ± 1 737±5 11.6 44.20 ± 2.96 
3. 800 4930±5 220 ± 1 83 ±1 43 ± 1 1553 ± 8 7.0 41.60 ± 3.05 
4.900 2771 ±3 299 ±1 126 ±1 137 ± 1 748±4 20.6 50.87 ± 1.22 
5. 1000 2545±3 446 ± 1 386 ±1 369 ± 1 606±4 30.8 47.07 ± 0.83 
6. 1035 1499 ± 1 1055 ± 1 622±1 723±2 358±4 33.6 12.86 ± 0.32 
7. 1050 1618 ±2 1736±2 972±2 1258 ±3 374 ±5 38.4 9.65 ± 0.27 
8. 1065 1751 ±2 2341 ±3 1298 ± 1 1741 ±4 396±5 41.8 8.45 ± 0.23 
9. 1075 1664 ± 1 2539±3 1383 ± 1 1921 ±4 360±1 46.1 8.16 ± 0.08 
10. 1085 1647 ± 1 2715±3 1456 ± 1 2079 ±4 351 ±5 48.0 7.86 ± 0.20 
11. 1095 1725 ± 1 2883 ±3 1542±2 2225±5 355±2 50.4 8.15 ± 0.09 
12. 1105 1749 ± 1 2771 ±3 1506 ±2 2165 ± 5 353 ±4 51.1 8.71 ±0.17 
13. 1120 2199 ±2 3171 ±4 1804 ±2 2530 ±5 433 ±2 51.6 9.70 ± 0.10 
14. 1135 2074 ±2 2526±3 1554 ±2 2073 ±5 407±5 50.7 11.23 ± 0.20 
15. 1155 1690 ± 1 1549 ± 1 1071 ± 1 1326 ±3 323 ±5 50.3 14.80 ± 0.34 
16. 1185 1309 ± 1 1152± 1 753 ± 1 972±2 264 ±6 47.0 14.40 ± 0.55 
17. 1225 280 ±1 217±1 127 ± 1 182±1 69 ± 1 33.2 11.57 ± 230 
18. 1300 271 ± 1 178± 1 101 ± 1 147±1 73 ± 1 24.9 10.25 ± 1.43 
19. 1500 1826 ±2 87 ±1 61 ± 1 71 ± 1 602±1 2.9 16.41 ± 6.44 
Total 37657 26166 14944 20124 9448 30.5 11.84 
88-13, Total Fusion, 0.107g 
1.1500 5314 ±5 2933±3 2248±6 1410±5 25.3 1235 ± 0.17 
88-15, Step Heat, 180-l25J.1.m, 0.958g, J = 0.001523 
1. 600 3640±4 242±1 67 ±1 217 ± 1 1111±6 10.4 4269 ± 2.15 
2700 1980±2 301 ±1 64 ±1 503 ±1 612 ±5 11.0 19.97 ± 1.42 
3. 800 1410 ± 1 301 ±1 67± 1 107± 1 427±5 11.1 14.28 ± 1.45 
4. 900 1256 ± 1 492± 1 114±1 96 ± 1 354±3 17.2 12.04 ± 0.60 
5. 1000 1599 ±1 1458 ± 1 600 ±1 778±2 385±4 33.0 9.95 ± 0.26 
6. 1035 1182± 1 1887 ±2 1012 ± 1 1166 ±2 268±3 41.4 7.14 ± 0.18 
7. 1050 1078 ± 1 2163 ±2 1176 ± 1 1372±3 232±3 47.3 6.50 ± 0.17 
8. 1065 1164 ± 1 2647±3 1421 ± 1 1694 ±4 241 ±4 51.3 6.22 ± 0.19 
9. 1075 1065 ± 1 2607±3 1371 ±2 1682 ± 4 201 ±2 57.8 6.51 ± 0.11 
10. 1085 1040 ± 1 2611 ±3 1362± 1 1697 ±4 192±4 59.4 6.52 ± 0.22 
11. 1095 960±1 2489 ±3 1279 ± 1 1622 ±4 184±2 58.0 6.17 ± 0.10 
12. 1105 883 ±1 2283 ±2 1173 ± 1 1494 ±3 167 ±3 58.7 6.26 ± 0.20 
13. 1120 998± 1 2524 ±3 1307 ±2 1661 ±4 179 ±2 61.3 6.68 ± 0.12 
14. 1135 943 ± 1 2059±2 1103 ± 1 1372 ± 3 181 ±2 55.8 7.05 ± 0.16 
15. 1155 845±1 1725 ±2 957 ±1 1154 ±3 157 ±3 56.7 7.66 ± 0.28 
16. 1185 1437 ± 1 3626 ±5 1905 ±3 2401 ±6 243 ±2 64.5 7.04 ± 0.10 
17. 1225 838 ±1 1964 ±2 1000 ± 1 1313 ±3 149 ±1 61.1 7.18 ± 0.09 
18. 1300 328± 1 196 ±1 102± 1 134± 1 101 ±2 12.8 5.91 ± 1.15 
19. 1500 3678 ±4 81 ± 1 67 ± 1 57± 1 1223 ± 5 1.9 23.40 ± 10.92 
Total 26324 31656 16147 20520 6607 32.5 7.46 
88-15, Total Fusion, 0.101g 
1.1500 3263 ±3 3371 ±3 2189 ± 5 852±4 28.7 7.64 ± 0.11 
Table A3.1, coot. 
Temperature 40Ar 39Ar 38Ar TIAr 36Ar 40~1 Apparent Age 
't: xlQ-15 mol xlQ-16 mol xlQ-16 mol xlQ-15 mol xlQ-17 mol % Ma±la 
88-16, Step Heat, 250-180~m, 0.929g, J = 0.001542 
1. 600 6042±6 44 ±1 69 ± 1 47 ± 1 1790 ±6 12.5 425.05 ± 67.85 
2.700 1351 ± 1 49 ± 1 27 ± 1 54± 1 372±2 18.9 139.61 ± 17.88 
3. 800 3080±3 61 ± 1 49 ± 1 32± 1 933±5 10.5 143.39 ± 12.91 
4. 900 1628 ±2 128 ± 1 70± 1 87 ± 1 439±2 20.8 72.83 ± 2.18 
5. 1000 2066 ±2 659± 1 364 ± 1 573 ± 1 493±8 31.9 27.77 ± 1.03 
6. 1035 1903 ±2 1746±2 1046 ± 1 1421 ±3 505±3 28.0 8.53 ± 0.18 
7. 1050 1408 ± 1 2100 ±2 1286 ± 1 1710 ±4 342±3 38.7 7.25 ± 0.18 
8. 1065 1461 ± 1 2564 ±3 1586 ±2 2088 ±4 330±5 45.6 7.26 ± 0.21 
9. 1075 1270 ± 1 2469 ±3 1555 ±2 2008 ±4 267±2 51.7 7.42 ± 0.13 
10. 1085 1198 ± 1 2389 ±3 1543 ±2 1928 ±4 240±3 54.8 7.67 ± 0.17 
11. 1095 1233 ± 1 2433 ±3 1599 ±2 1954 ±4 246± 1 54.8 7.75 ± 0.06 
12. 1105 1149 ± 1 2203 ±3 1472±2 1768 ±4 222±3 56.2 8.19 ± 0.21 
13. 1120 1258 ± 1 2316 ± 3 1565 ±2 1855 ±4 242±3 55.9 8.48 ± 0.15 
14. 1135 996 ± 1 1643 ±2 1138 ± 1 1323 ± 3 193 ±2 54.3 9.19 ± 0.17 
15. 1155 722±1 1010 ± 1 705 ± 1 826±2 145 ±1 50.7 10.11 ± 0.16 
16. 1185 754±1 1194 ±2 797 ± 1 974±2 141 ±2 56.0 9.87 ±0.29 
17. 1225 650 ±1 1018 ± 1 674± 1 824±2 132±3 50.8 9.05 ± 0.36 
18. 1300 352± 1 433 ± 1 283 ± 1 352± 1 85 ± 1 37.5 8.52 ± 0.33 
19. 1500 3053 ±3 '137±1 173 ± 1 192± 1 1006±6 3.19 11.44 ± 2.06 
Toaal 31574 24696 16001 20016 8123 35.4 10.51 
88-16, Total Fusion, 0.082g 
1. 1500 3302±3 2177 ±2 1764 ±4 889±4 25.1 10.63 ± 0.17 
88-19, Step Heat, 250-lSO~m, 0.909g, J = 0.001546 
1. 600 5288 ±5 163 ± 1 68±1 1509 ±6 15.8 138.18 ± 3.86 
2.700 4334 ±4 260 ± 1 204 ± 1 1268±5 14.0 64.23 ± 1.87 
3. 800 5612 ±6 262± 1 103 ± 1 1737 ± 6 8.7 51.20 ± 3.00 
4. 900 3018 ±3 389 ± 1 142± 1 830±4 19.1 40.96 ± 1.02 
5. 1000 2826±3 885 ± 1 517 ± 1 659±3 32.7 28.96 ±0.36 
6. 1040 2741 ±2 2577 ±3 2021 ±4 672±3 34.0 10.12 ± 0.13 
7. 1060 1772± 1 2309±2 1862±4 409±2 41.0 8.81 ± 0.11 
8. 1075 1732± 1 2567 ±3 2098±5 372±2 47.1 8.89 ± 0.11 
9. 1085 1310 ± 1 2210±2 1810±4 264±2 52.5 8.70 ± 0.13 
10. 1095 1211 ± 1 1991±2 1616 ±3 242±2 52.6 8.94 ± 0.14 
11. 1105 1224 ± 1 1811 ±2 1469 ±3 239±2 52.7 9.96 ± 0.17 
12. 1120 1476 ±2 1784±3 1454 ±4 282±3 52.2 12.06 ± 0.20 
13. 1135 1607 ± 1 1509 ± 1 1260 ± 3 308±2 50.3 14.95 ± 0.16 
14. 1155 1761 ±2 1442 ± 1 1241 ±3 339±2 49.2 16.79 ± 0.15 
15. 1180 1780 ± 1 1907±2 1624 ±4 352±3 49.5 12.91 ± 0.18 
16. 1220 2008±2 2580±3 2207 ±5 407±5 49.7 10.82 ± 0.22 
17. 1300 423 ± 1 197 ± 1 171 ± 1 127±2 14.8 8.93 ± 1.07 
18. 1500 3870±4 61 ± 1 54± 1 1291 ±6 1.6 27.38 ± 20.19 
Total 43993 24904 19921 11307 28.0 13.82 
88-19, Total Fusion, 0.082g 
1.1500 4630±5 2214±4 1765 ±4 1243 ±5 24.0 14.00 ± 0.24 
88-21, Step Heat, 250-180~m, 0.722g, J .. 0.001545 
1. 600 2068 ±2 40 ± 1 60 ± 1 623 ±4 11.2 155.24 ± 18.04 
2.700 927 ± 1 55± 1 179 ± 1 270±2 15.8 73.84 ± 4.94 
3. 800 677± 1 63 ± 1 32± 1 197 ±3 14.5 42.74 ± 4.24 
4. 900 566± 1 75 ± 1 43 ±1 156 ±2 19.4 40.48 ± 3.29 
5. 1000 918 ± 1 '135 ± 1 250±1 237±3 26.0 28.29 ± 1.23 
6. 1050 2168 ±2 2146 ± 2 1830 ±4 587 ±3 27.3 7.72 ± 0.15 
7. 1070 1127 ± 1 1710 ±2 1449 ±3 278±2 38.4 7.07 ± 0.15 
8. 1085 1494 ± 1 2916 ±3 2465 ±5 345 ±3 46.2 6.63 ± 0.11 
9. 1095 1154 ± 1 2649±3 2231 ±5 251 ± 1 52.5 6.40 ± 0.06 
10. 1105 909± 1 2001 ±2 1676±4 205±2 49.5 6.29 ± 0.12 
11. 1120 1056 ± 1 2251 ± 3 1887 ±4 228±2 51.9 6.81 ± 0.13 
12. 1135 786 ± 1 1485 ±2 1242±3 169 ±2 50.1 7.40 ± 0.16 
13. 1150 573±1 1016±2 852±2 121 ±2 50.6 7.97 ± 0.26 
14. 1180 619± 1 1187 ± 1 1004±2 130 ±2 51.9 7.57 ± 0.23 
15. 1225 599± 1 1128 ± 1 987±2 138 ±2 46.5 6.91 ± 0.22 
16. 1300 223 ± 1 122± 1 111 ± 1 67 ±1 15.3 7.83 ± 1.76 
17. 1500 1413 ± 1 26± 1 23 ± 1 469±3 2.0 30.90 ± 16.24 
Total 17277 19105 16321 4471 31.8 8.04 
88-21, Total Fusion, 0.108g 
1. 1500 2995±3 2741 ±3 2337 ±5 830 ±3 25.0 7.63 ± 0.13 
Notes to Table A3.1: 
1. Radiogenic 40Ar as percentage oftota140Ar. 
A.= 5.543 x 1Q-10 a-1. All data are corrected for instrument discrimination, 37 Ar and 
39 Ar are corrected for decay, and age calculations include corrections for isotopic 
interferences and error in J; the correction factors used were: (36Arf37 Ar)ca = 3.06 x 
10-4. (39 Arf37 Ar)ca = 7.27 x 1Q-4, and (40 Arf39 Ar)K = 2. 70 x lQ-2. No corrections 
have been made for line blanks, which were found to be in the range of 6 x lQ-14 mol 
(500°C) to 1 X 1Q-13 mol (1300°C). 
